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ABSTRACT 
Corrosion of the steel bridge causes structural failures and great financial losses. Continuous and 
effective monitoring of corrosion can lead to failure prevention and saving. This research describes the 
study on non-destructive testing system for corrosion and crack inspection of steel bridge based on 
magnetic sensors and climbing robot.  
The current condition of steel bridges in Japan and some other countries are discussed. The NDT 
(Non-destructive Testing) inspection technologies, access methods and bridge inspection robots are 
reviewed. The common NDT methods are listed and analyzed along with their feasibilities for 
automatic inspection. Researches on inspection robot, particularly climbing robot are reviewed from 
the aspects of locomotion type and adhesion method. 
  Four types of magnetic wheel are designed for the climbing robot. Compared with the past 
researches, the novel magnetic wheels successfully increase the friction coefficient to 0.6-0.7, and the 
reduction of the adhesion force is only about 15%-20%. Three generations of climbing robot with 
magnetic wheels for steel bridge inspection are also presented. These robots have the advantages of 
being compact, lightweight and well maneuverable. The third generation climbing robot is mainly 
introduced. The corresponding driving system, steering system, bending system, twisting and 
suspension system are designed. This robot has the ability of overcoming many types of obstacles such 
as steps, convex and concave corners, and bolts. The experiments show the robot has good 
performance with respect to overcoming complex obstacles on steel bridge.  
Some of the NDT technologies used for ferromagnetic material inspection are introduced. Because 
of the lift-off effect, some of the traditional methods such as Eddy current method and MFL (Magnetic 
flux leakage) method are difficult to use for the inspection of steel bridge. To solve this problem, two 
NDT devices are developed. The first NDT device consists of 8-channel Hall sensor array and eight 
permanent magnets. The experiment result shows that it is able to detect large under paint corrosion no 
less than 1cm in size. The second NDT device consists of 16-channel GMR sensor array and two 
magnetic wheels. Relying on the interaction of the induced magnetic fields generated by magnetic 
wheels of the climbing robot, GMR sensor array measures the difference of the magnetic field density 
between defect region and non-defect region. In the area GMR sensor array located, the magnetic flux 
lines are parallel and almost perpendicular to the surface of the specimen. As a result, the change of the 
lift-off value within a certain range almost does not impact the outputs of GMR sensor array. This 
method suppresses the lift-off noise in the metal loss inspection and the corrosion inspection. Finally, 
three types of defects-metal loss, crack, and corrosion are used for validating the feasibility of the NDT 
device. Simulations and experimental results reveal that it is feasible for the detection of some kinds of 
defects including metal loss, cracks and invisible corrosion under the paint. 
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Chapter 1 INTRODUCTION 
1.1 Background 
Japan constructed a lot of infrastructures, including bridges, tunnels, railways and highways 
following the end of World War II. From the documents of Ministry of Land, Infrastructure, Transport, 
and Tourism’s Council for Social Infrastructure, we can know that the majority of these infrastructures 
were constructed between the 1960s to the 1980s. It implies that the infrastructure we are using have 
now stood for more than three decades or even five decades. On December 2, 2012, the concrete 
ceiling panels inside the Sasago Tunnel collapsed, crushing three vehicles and killing nine people. This 
accident immediately brought public attention to the issue of infrastructure degradation in Japan. The 
concrete panels were suspended from the main tunnel structure by metal rods bolted into the ceiling. 
Investigators believe that years of gradual damage to the aging bolts may have caused the accident.  
The similar problems also happened in Japanese steel bridges. In Japan, the steel bridge construction 
has been decreasing but the number of old steel bridges has been increasing. It has been reported that in 
20 years, a half or more of the existing steel bridges will be over 50 years old. Focused reinforcements 
are necessary for these overly-light and long bridges. The best thing that can be done to prolong the life 
of these bridges is to conduct adequate inspections and analysis and adopt effective countermeasures, 
fully utilizing the passion of engineers and cooperation of residents. However, there are several 
difficulties for steel bridge inspection and maintenance. First is the cost. It contains the labor cost, the 
material cost and the inspection cost. The Japanese government doesn’t have a plan to spend a lot of 
money to inspect and repair those deteriorated infrastructure because of the lack of budget. The second 
problem is the lack of professional inspectors. Too many steel bridges deteriorated in the same period. 
It is impossible to find out enough trained and qualified inspectors. As a result, we need to develop 
technologies that will allow us to inspect the steel bridges simply at a low cost. Infrastructure as a 
whole, and not only bridges, becomes exposed to the risk of damage and accidents while we remain 
unaware. It's already too late once damage or an accident occurs. The best thing we can do is to detect 
and repair minor damage at an early stage.  
Furthermore, to inspect the steel bridges, inspectors need to detect subsurface defects using NDT 
instruments such as ground penetration radar (GPR) ultrasonic instrument, in addition to visual 
inspection of surface flaw. It is a very challenging job to inspect vertical surfaces and the place where 
is difficult to access such as bridge foundations and sidewalls bottom surfaces of bridge decks. 
Currently, there is not effective way for vertical surface inspection except using hand-held NDT 
instrument by “spider-man” with safety rope, or use scaffold or snooper trucks. It is a dangerous job for 
a spider-man to scan a large area of vertical walls with NDT instruments. Installing scaffold is high 
cost and time consuming. The use of snooper truck may cause traffic block.  
Therefore, the best way is the automated inspection with robot carrying NDT devices to automate 
the inspection process. It has the advantages of decreasing costs, increasing the inspection speed, and 
improving safety. The objective of this research is to develop climbing robot carrying NDT devices to 
automate the inspection process, decreasing costs, increasing the inspection speed and improving safety. 
Compared to manual inspection, the climbing robot could scan vertical surfaces of bridge foundations 
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and horizontal surfaces at the bottom of bridge decks, reach hard-to-access places, take close-up 
pictures, collect NDT data and transmit to host PC for further analysis.  
1.2 Dissertation Outline 
The main focus of the work described in this thesis basically includes two parts. 1. The development 
of a climbing robot for steel bridge inspection. 2. The development of non-destructive testing devices 
based on Hall sensor array and GMR sensor array for steel bridge inspection.  
The dissertation is organized into six chapters. Chapter 1 is the introduction of the thesis. Chapter 2 
outlines the previous studies on related topics of the present researches. It includes the current situation 
of steel bridges in Japan and some other countries, typical NDT technologies for steel infrastructure. It 
also describes the previous studies about the inspection robot. Basically the inspection robots are 
divided into aerial robots and climbing robots. The climbing robots review is mainly presented 
including the locomotion types, adhesion techniques, the climbing inspection robot based on magnetic 
adhesion technology review in last ten years, and other inspection robots developed in Japan.  
Chapter 3 mainly presents the design of magnetic wheels of the robot. First of all, the previous 
researches about the magnetic wheels of the climbing robot are reviewed. The disadvantages of these 
magnetic wheels are summarized. In the following part, the development of a series of magnetic wheels 
is presented including four types of magnetic wheels. The advantages and disadvantages of them are 
described in details.  
In chapter 4, three generations of climbing robot with magnetic wheels for the steel bridge inspection 
are presented. The third generation climbing robot is mainly introduced including driving system, 
steering system, bending system, twisting and suspension system. The experimental tests in the field 
environment show the robot has good performance with respect to overcoming complex obstacles on 
steel bridge. The limitations in locomotion of the robots are also presented.  
In chapter 5, the normally utilized NDT techniques for ferromagnetic structure inspection – eddy 
current method and MFL (Magnetic flux leakage) method are introduced in detail. Both of these two 
methods have limitations for steel bridge inspection. Because of lift-off effect, eddy-current method is 
difficult to be used for the inspection of steel bridge. MFL (Magnetic Flux Leakage) is always used for 
crack inspection or tiny metal loss. However, it is difficult to inspect big metal loss under the paint or 
early-stage corrosion. In order to overcome the disadvantages of these two methods, two novel 
Non-Destructive Testing Devices are designed to detect corrosion, crack and other kinds of defects on 
steel bridges. First, a NDT device based on Hall sensor array and permanent magnets is presented. This 
NDT device solved the problem that MFL method doesn’t respond to the big corrosion under the paint. 
Another NDT device is developed based on 16-channel GMR sensor array and the magnetic wheels of 
the robot. The advantage of this NDT device is that the change of the lift-off value in a certain range 
almost doesn’t have an impact on the outputs of the GMR sensor array. This method is able to 
suppresse lift-off noise in metal loss inspection and corrosion inspection.  
Chapter 6 summarizes the important conclusions of the dissertation. 
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Chapter 2 LITERATURE REVIEW 
2.1 Introduction of steel bridges  
2.1.1 Deterioration of steel bridges 
Steel bridges represent very important investment in the transportation network which supports the 
nation’s economy and traffic and are widely used all over the world. There are more than 190000 steel 
bridges in the United States [1]; In Australia, there are over 30000 road and rail bridges [2]; In Japan, 
the steel railway bridges can reach to 50000 or even more [3]. Evaluation of the steel bridges all over 
the world becomes more and more important duo to the bridges’ natural aging, load spectra, 
deterioration and so on. For example, in the USA, the majority of steel bridges on the US Interstate 
Highway System were constructed after World War Ⅱ from 1950 to 1980. According to the report in 
2005, 26.6% of the nation’s bridges (158,319) were classified as structurally deficient or functionally 
obsolete. It is estimated that about 10 billion dollars per year in 20 years will be needed to eliminate all 
bridges deficiencies in the USA [4].  
In Japan, the steel bridge construction has been decreasing but the number of old steel bridges has 
been increasing. It has been reported that in 20 years, more than half of the existing steel bridges are 
predicted to be over 50 years old [5]. Figure 2-1 shows the number of steel bridges constructed in Japan. 
It represents that the steel bridges in Japan are facing deterioration problem. Inspection of steel bridge 
periodically is essential for the long-term safety of public infrastructure. Figure 2-2 shows the 
comparison of Japanese and American steel bridges constructed in each period. From the American 
experience we can see that about 50 years later after being constructed, steel bridges begin to suffer 
from massive deterioration. In Japan, there was a peak period in steel bridge construction from 1960s 
to 1970s. It can be estimated that from 2010s to 2020s, Japanese steel bridge would also suffer from 
massive deterioration problem. 
Figure 2-1. Number of steel bridges in Japan including the ones constructed more  
than 50 years and less than 50 years. 
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2.1.2 Steel bridges accidents 
In the USA, the collapse of the steel bridge was begun from 1960’s. In West Virginia 1967, Silver 
Bridge over the Ohio River collapsed [7]. The structure of this steel bridge was an eye-bar chain 
suspension bridge with a 213m main span that collapsed without any warning and led to 46 people died. 
The collapse was due to stress corrosion and corrosion fatigue which caused minute cracks. The second 
collapse occurred in 1983, when a suspended two-girder span carrying I-95 across the Mianus River 
collapsed [8]. Three people were killed when two cars and two tractor-trailers fell with the bridge into 
the Mianus River 70 feet (21.3 m) below and three were seriously injured.  
These two accidents were the result of fatigue cracking to the point of failure of a fracture critical 
member. For bridge inspectors, understanding the causes of the common member failure modes is 
important. This understanding permits the inspector to use more time evaluating the trouble areas of a 
bridge and less time on the others. When inspecting steel bridges, the inspector must be able to identify 
Figure 2-3. (a) Steel bridge collapse happened in1967, Ohio River (b) Steel bridge I-95 collapse 
happened in1983, Mianus River[7][8] 
(a) (b) 
Figure 2-2. Comparison of the steel bridges constructed in Japan and America [6] 
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a fracture critical member by sight or based on previous reports and drawings. The National Bridge 
Inspection Standards (NBIS) requires that all fracture critical members on a bridge be identified, and 
the inspection procedures listed prior to an inspection. 
The 40 years old I-35W steel deck truss bridge over the Mississippi River in Minneapolis suddenly 
and without almost any noticeable warning collapsed entirely into the river in 2007, causing the deaths 
of 13 people and injury to more than 100 others who were crossing the bridge in their vehicles at the 
time of the collapse. 
A study of the inspection reports prepared by the Minnesota Department of Transportation, the 
owner and maintainer of the bridge, as well as photographs taken in the past, indicated that the I-35W 
had previous corrosion problems in the main river crossing. Inspection reports issued by the Minnesota 
Department of Transportation showed the presence of corrosion on some gusset plates and adjacent 
areas, indicating that due to corrosion, some gusset plates and even some members may have thinned 
over the years and did not have the originally designed thicknesses at the time of collapse. There were 
also fatigue cracks found in the plate girders of the approach spans, its gusset plates and members [9]. 
Figure 2-4. I-35W steel deck truss bridge accident (National 
Transportation Safety Board photo) 
(a) (b) 
(c) (d) 
Figure 2-5. Deterioration of steel bridges in Japan [6] 
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According to the report of Japanese Ministry of Land, Infrastructure, Transport and Tourism in 2011, 
recently in Japan, there were also some steel bridge fractures happened such as Honjo Ohashi Bridge, 
Akita prefecture, in August 2007 as shown in Figure 2-5 (a); Kisogawa Ohashi Bridge, Mie prefecture, 
in June 2007 as shown in Figure 2-5 (b); Tsutsui Ohashi Bridge, Oita Prefecture, in 2007 as shown in 
Figure 2-5 (c); Yamazoe Ohashi Bridge, Nara prefecture, in 2006 as shown in Figure 2-5(d). These 
accidents didn’t lead to collapse, but it validates that Japanese steel bridges are also suffering from 
serious deterioration problem. 
2.1.3 Corrosion of the steel bridges 
Corrosion is a serious threat to the long-term function and integrity of a steel bridge. Corrosion is a 
gradual deterioration process of metals by chemical or electrochemical reactions with their 
environments. The major parameters include the rate, patter, and correlation with fatigue strength. 
Structural steel will corrode if it is left unprotected or inadequately protected from the natural 
environment. Steel bridge corrosion can take the form of general uniform thickness loss or 
concentrated pitting depending on exposure to the environment and the steel design detail in question. 
The designer should view corrosion as a long term threat to the integrity of the bridge structure-a 
critical design consideration that must be addressed in a rational manner during the design process. 
Corrosion is a time-based process that generally takes several years to develop deterioration significant 
enough to cause concern. For this reason, corrosion is often considered an ownership or maintenance 
issue. While this may be true in practical terms, corrosion is most appropriately addressed by 
specification of a proper corrosion protection system during the design phase. 
Corrosion is one of the most important causes of deterioration for steel bridge. As the time goes on, 
old steel bridges would be suffered from corrosion which seriously threatens the safety of the steel 
bridge. According to the report of Japanese Ministry of Land, Infrastructure, Transport and Tourism, 
the type of the damage of steel bridges in Japan shows in Figure 2-6. It illustrates that corrosion is the 
most common type of damage in Japanese steel bridge.  
Corrosion is most commonly caused by cycles of exposure of steel to wet and dry condition and the 
accumulation of water and salt (de-icing agent) on the steel surface. The oxide formed by oxidation 
does not firmly adhere to the surface of the metal and flakes off easily. Consequently, extensive pitting 
may cause structural weakness and disintegration of the material. The water and salt can leak through 
the deck, faulty joints, or they can be the result of road spray and condensation. The location of 
Figure 2-6. Damage types of the steel bridge in Japan [10]. 
 
Corrosion
49.2%
Others
8.5%
Damage on deck
28.8%
Concrete drop off
3.4%
Steel break off
3.4%
Bad strut
4.3%
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corrosion mostly depends on the source of moisture, and the rate of corrosion depends on the 
contamination in the moisture and ambient temperature [1]. Also, the chemicals that are used for 
different operations such as de-icing, may act as catalysts and enhance the effect of moisture. Some of 
the common types of corrosion include: Environmental corrosion, Stray current corrosion, 
Bacteriological corrosion, Stress corrosion, and Fretting corrosion. Corrosion can cause metal loss 
which degrades both load carrying capacity and the reliability of the bridge [11]. 
According to the structure type and design, some areas such as edges, corners, bolts, joints and flat 
areas and so on, are the most susceptible to corrosion. Although the geometry and spans are different, 
there are standard details and similar areas on the basis of their geometry or location that are prone to 
similar corrosion [13].  
The rate of corrosion is a subject to considerable variation. There is some data on laboratory tests. 
However, little is available on the actual field conditions. Based on the available literature and field 
observation, three deterioration rate curves (high, medium and low) are considered. The rate of 
corrosion is assumed to be practically zero for the first 10 to 15 years, until the paint and/or protective 
cover deteriorations (cracks and peels off). As the deterioration starts developing on the steel surface, 
an accelerated corrosion process may take place, as shown in Figure 2-7.  
2.1.4 Steel bridge inspection 
Access methods 
The traditional method to inspect a steel bridge involves the use of scaffolds or ropes. Human beings 
climb up to the bridge with scaffolds or ropes and then inspect the bridge manually. The disadvantages 
of this method are obvious: Some bridges are very high and large, therefore, it is inconvenient and 
dangerous for the inspectors; the results depend on the experience of the inspectors and therefore these 
results include subjective factors; the inspection is not real-time.  
Figure 2-7. Considered rates of corrosion [12] 
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The other traditional method involves the use of a bucket truck or platform snooper. With the lifting 
equipment, inspectors can reach most of the areas of the bridge for inspection. This is a better method 
than that using scaffold or ropes because the inspection cost is relatively low and the safety of the 
inspectors is guaranteed to some degree, but the disadvantages of the method are obvious. One lane of 
the road gets blocked because of the use of the inspection truck. Inspectors have to remain in the lifting 
box for a long inspection time. It is still not sufficiently safe for the inspectors.  
Because of the variety of bridges, different methods of access are required to perform inspection. All 
types of mechanical equipment are utilized to access bridges and perform efficient inspection. For 
example, in 1997, the Arizona Department of Transportation performed in-depth inspections of 172 
steel bridges throughout the state. The access methods utilized to inspect these bridges are listed in 
Table 2-1. 
Difficulties of steel bridge inspection 
1. Complexity of structure. Steel bridges with high levels of surface complexity are difficult to 
inspect. Complex details include box beams, riveted construction, lacing bars, and, tight clearances 
between members. 
2. Height and access. Inspectors must to work in a high area. Often, access to a structure is heavily 
(a) (b) 
(c) (d) (e) 
Figure 2-8. Access methods to the bridges (a) Scaffold (b) Climbing (c) Bucket truck 
(d) Platform snooper (e) Ladder 
Table 2-1 Methods of Access to the bridges [14] 
Access Methods Count Percent 
Climbing 30 17% 
Bucket truck 63 37% 
Platform snooper 92 53% 
Ladder 18 10% 
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impacted by local traffic patterns. Sometimes viaducts and overpasses may be accessed from below. 
However arch bridges, truss bridges, suspension bridges and bridges over water, require at least some 
closure of the bridge deck for access and equipment placement.  
3. Rail sharing- Some bridges share their capacity between automotive traffic and rail traffic. This 
presents the unique challenge of operating with deference to the rail schedule for access. The proximity 
of high voltage third rails can also restrict the use of certain surface preparation methods.  
2.2 NDT technologies for steel bridge inspection 
2.2.1 Testing method introduction 
As stated in Section 2.1.4, the inspection of steel bridge is primarily a visual activity. Most defects 
on steel bridges are first detected by visual inspection. This requires the inspectors are close enough to 
touch the area being inspected. Another way is the use of video camera systems instead of human 
being to get close to the area interested. Machine vision systems as a kind of visual inspection method 
are also developed and used for steel bridge inspection [15].  
In addition to visual inspection, many methods are used for steel material component inspection. 
Such methods are known as Non-Destructive Testing (NDT) as they don’t need to damage the material 
for inspection. In some cases, defects are consisted of various kinds of defects and similarly, inspection 
techniques may be combined. A. McCrea and R.Navon presented main NDT methods including their 
mode of application, potential advantages and disadvantages for automation inspection of steel bridges 
[13]. Sangwook Lee and Niko Kalos presented current available Non-Destructive Testing (NDT) 
methods for bridge inspection with the principles, application areas, and limitations of the methods [16]. 
Alex Hesse completed a research about quantifying the accuracy, reliability, bias, and the cost of 
common bridge NDE methods to correlate the cost of a method to bias, accuracy and reliability. This 
could lead to a more reliable risk-based approach to bridge inspection [17]. Besides of visual inspection，
the most common methods include liquid penetrant testing, eddy current method, ultrasonic testing, 
radiographic testing, infrared thermography method, magnetic flux leakage methods, and acoustic 
emission.  
 
 
Figure 2-9. A machine vision system with CCD camera and image processing method [15] 
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Liquid penetrant test 
Liquid penetrant is one of the most widely used NDT methods to detect surface flaws of the steel 
members. Based on the principle of capillary action, the surface tension of the dye allows it to penetrate 
into discontinuities in steel. The capillary forces are very strong, and can act against the force of gravity, 
which is particularly useful when inspecting steel members which are suspended. A penetrant test 
requires no specialized equipment and can be performed rapidly. The process of using penetration 
consists of four stages: 1.Pre-cleaning the surface; 2. Application of the penetrant; 3. Excess penetrant 
removal; 4. Application of developer and observation. 
Liquid penetration method has the advantages of that: It almost can be used for all the materials; it is 
simple and low-cost for a single inspection. The disadvantages are obvious: Since it is carried into the 
defects by capillary action, the method can only be used to detect surface defects such as cracks and 
poor welds. Along with this, liquid penetration can’t be used with porous material making it difficult to 
be used on concrete members; there are three stages in the process so this method is difficult to 
automate; it is difficult to inspect the rough surfaces; finally, there isn’t information about the depth of 
flaws.  
Eddy current method 
Eddy current method has been used in aerospace and power industries to detect corrosion, crack or 
other discontinuities of the material for a long time. Its use has been expanded into the civil 
engineering field. The eddy current method involves placing an energized probe near the surface of the 
steel specimen. The eddy current has the relationship with the conductivity of the specimen. If there is 
a crack or corrosion exists, there will be a disruption in the current.  
Figure 2-10. Liquid penetration method for steel bridge inspection [18] 
Figure 2-11. Eddy current method for steel bridge inspection [18] 
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Eddy current method can penetrate both conductive and non-conductive steel coatings, so there isn’t 
a need to remove the paint during inspection. Sometimes there are defects like crack and corrosion 
under the paint so that it is hard to be found out by visual inspection. In this case, eddy current is able 
to detect it easily. The testing equipment with eddy current method can be portable and available at a 
relatively low cost. It also has the advantages of low cost, rapid testing, easily to be used for 
automation detection, no contact with the surface and no special skills required. On the other hand, the 
biggest disadvantage of eddy current is that the probe must be near the surface and the distance 
between the probe and the surface must be kept permanent. In steel bridge inspection, the surface of the 
bridge is always rough and it is difficult to keep the lift-off value stable all the time. Furthermore, the 
testing results are comparative but not quantitative, and a reference standard is required and difficult to 
make. There are also some other elements such as: testing speed, temperature, magnetic history of the 
part would affect the test.  
Ultrasonic testing 
The ultrasonic method is relative new method being used for steel bridge inspection [19]. It uses 
high frequency waves which are emitted by a transducer and received by another transducer or 
reflected back to the original transducer. A computerized data acquisition system collects the data from 
the transducer. 
Ultrasonic method has high sensitivity to detect very small flaws. With high penetrating power, 
ultrasonic method allows the detection of flaws deep in the part. Compared with other nondestructive 
methods, it has greater accuracy in determining the depth of internal flaws and the thickness of parts 
with parallel surfaces. Recently, development of computer technology has led to research in the use of 
automated ultrasonic testing. Robotic arm with a wide range of motion is in charge of moving the 
transducers on the surface of the specimen. It reduces the cost labor and ensures the complete coverage 
of the inspection area. On the other hand, the disadvantages of ultrasonic method include that surface 
must be clean, smooth, free of rust and excessive paint; Ultrasonic method isn’t sensitive to rough, 
irregular shape surface, small or thin parts. The inspectors are required to have technical knowledge 
about the inspection procedures. Generally, ultrasonic probe is in small size, as a result, it is expensive 
and time consuming to inspect the large structures. This method is always used for weld inspection or 
some other small part of bridge inspection.  
 
Figure 2-12. Ultrasonic method for steel bridge inspection [19] 
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Radiographic testing 
The principle of radiographic testing is that X-ray or Gamma rays passing through the specimen are 
absorbed differently by defects to produce a high contrast image. Indication of cracks and 
discontinuities inside the specimen show up as darker areas on the high contrast image. This method is 
commonly used on steel bridge members to determine thickness of the member, detect fractures, and 
inspect welds [20]. 
Radiographic testing has very well ability of penetration. All the material including metals, 
nonmetals, composites or mixed materials can be tested. The whole system could be highly portable, 
lightweight. Film radiography yields a permanent record of results and compatible to computer analysis 
techniques.   
The disadvantages of radiographic include that the radiographic method poses a health hazard due to 
the radiation exposure. It leads to an increased setup and inspection time to erect barriers to limit 
exposure and ensure proper safety precautions are taken. In X-ray method, exposure time and focal 
spot size are critical. In Gamma method, it requires special mechanisms for storage and extension of 
source. Generally the equipment is heavy and bulky. For the inspectors, extensive practice is needed to 
implement the tests. Due to the complexity of the equipment, this method is not appropriate for 
automation inspection. 
Infrared thermography 
Infrared Thermography (IRT) has become a useful tool in the inspection of composite structures. 
Flash Thermography involves quickly applying heat to the surface of a part and viewing it with an 
infrared camera as the heat moves and dissipates through the part. Areas with defects such as cracks, 
and foreign material (FOD) can be detected, measured for size, and their depth in the part determined. 
IRT has the advantage of being a completely non-contact test for the inspection of large surfaces. The 
inspectors can carried out the inspection from a distance. The system is able to give a real time pictorial 
data image with resolution of 1℃ between differences in density.  
Takahide Sakagami presented a remote nondestructive evaluation technique based on thermoelastic 
temperature measurement by infrared thermography for the evaluation of fatigue cracks propagating 
from welded joints in steel bridges [21][22]. BridgeGuard is an infrared/visual imaging service 
designed to safely identify and locate delaminations and cracks within bridges [23]. However, it is only 
available on the surface. If there is any crack or corrosion under the paint, it is difficult to be detected in 
this method. Detectable size is limited. Results are inconsistent and depend highly on interpretation. 
Figure 2-13. Infrared thermography camera for bridge deck inspection [23] 
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Magnetic flux leakage (MFL) method 
Magnetic flux leakage method is used to detect corrosion and crack in steel structures such as pipes, 
cables and storage tanks. The basic principle is that two powerful magnets with opposite magnetic 
poles contacting the steel are used to magnetize the steel. When there is corrosion, crack or metal loss, 
the magnetic field leaks out of the steel. A magnetic sensor such as Hall senor or GMR (Giant 
Magneto-resistance) is placed between magnets to detect the leakage field. Analysts interpret the chart 
recording of the leakage field to identify damaged areas and to estimate the depth of metal loss. 
This method is very suitable for automated inspection because of its rapid testing, little or no surface 
preparation and robust probe. A large area can be detected within a short time. Robots with 
visualization systems are also be developed for automated inspection so that it doesn’t require the 
inspectors to have extensive inspection experience. On the other hand, in this method, probes have to 
near the surface of the structure. Due to the lift-off effect, the distance from the probe to the surface of 
the structure must be kept constant. It seriously limits the application of this method because it only can 
be used to inspect flat surface. As a result, this method is usually used for cable inspection of the steel 
bridges [24][25][26][27]. 
Acoustic emission (AE) method 
Unlike ultrasonic method which transmits active waves to the material, AE tools are designed for 
monitoring acoustic emissions produced within the material during failure or stress. The signals are 
collected after they have traveled through the material. For example, this method can be used to study 
the formation of cracks during the welding process, as opposed to locating them after the weld has been 
formed with the more familiar ultrasonic testing technique. In a material under active stress, 
transducers mounted in an area can detect the formation of a crack at the moment it begins propagating 
[28][29].  
The advantages of this method are that the transducers are attached to the bridge structures 
permanently and can offer a long-term and remote monitoring. It has a high sensitivity in detecting tiny 
cracks. It is also capable of locating the source of failure. The disadvantages of this method include that 
clean and smooth surface is needed to equip the transducers; the inspection can’t be repeated; very 
sensitive to the external noise; transducer position is critical to the results and extensive experience is 
needed. 
Figure 2-14. Acoustic emission method for steel bridge inspection [18] 
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Optical sensors and laser scanner 
Some other advanced methods and techniques are being developed currently such as optical sensors 
and laser scanner. These advanced techniques give an idea of the future of NDT. In recent years, the use 
of optical sensors for health monitoring of steel structures has been a subject of intense research for 
monitoring corrosion, displacement, micro cracks, strain [30][31][32]. Based on Brillouin scattering, 
distributed sensors add the unique capability of measuring strain and temperature profiles along optical 
fibers. Measurement is performed by establishing the correlation between fiber strain and temperature, 
and the frequency shift of the Brillouin backscattered light induced by a monochromatic light pulse. 
Laser scanner is also popular to be used as a measurement system for health monitoring of the steel 
bridges [33][34]. Laser scanner is used for geometric assessment of bridges due to its ability of 
capturing dense point clouds about an environment quickly. Because of the ability of sensing from a 
distance away, scanning laser doesn’t disrupt the traffic.  
2.2.2 Automation potential assessment of NDT technologies for steel bridge 
inspection 
From an ease of implementation perspective, not all the NDT technologies are applicable for 
automation. The automation potential of NDT technologies is assessed according to the following 
criteria: 1) Size, weight and manoeuvrability, 2) Mode of operation, 3) Type of power supply, 4) Type 
of data collection, 5) Level of operational accuracy required, 6) Overall suitability for automation, 7) 
The extent of human supervision and involvement required to perform a test or interpret the results [13]. 
These criteria, in turn dictate robot specification such as weight, size, locomotion type, payload, 
equipped sensor’s type and so on.   
  Most commonly used NDT technologies for automation are Visual inspection (camera, digital image 
processing and so on), Infrared thermography, Magnetic flux method, Acoustic emission, and Eddy 
current method. There have been some existing automated systems which these NDT technologies are 
adopted to inspect or restore the steel bridges. [15][35] 
2.3 Inspection Robot Review 
Inspection robots are often adopted in a situation wherein the inspecting location cannot be reached 
by inspectors and the direct access of humans is very dangerous or very expensive such as locations at 
high altitudes, with high temperatures, with high pressures, and with high levels of radiation. Therefore, 
the ability of access to these hazardous environments is taken into account in the development of an 
inspection robot. Basically, depending to the desired access approach, inspection robots can be divided 
into two types: aerial robots and climbing robots.  
2.3.1 Aerial robots for construction inspection 
In recent years, aerial robot especially UAV (unmanned aerial vehicle has been widely used in many 
fields including the maintenance and inspection of the infrastructures. This kind of robot is able to 
access to hazardous environments that are usually difficult to reach by inspectors or ground vehicles. 
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Compared with other types of robots, aerial robots are in low cost but can achieve a high level of 
complexity for professional applications. Another advantage is high mobility and fast real time data 
acquisition. Generally, digital cameras are equipped on it to implement inspection based on visual 
inspection. Some special cameras such as infrared camera or laser scanner are also usually used for 
defect identification and 3D mapping and modeling. A number of navigation solutions have been 
proposed by using UAV, including platform stabilization, self-localization, mapping, and obstacle 
avoidance and so on.  
In these researches, different sensors are used to solve different tasks. Generally, the laser scanner is 
widely used due to its accuracy and speed. For example, Dryanovski Valenti and Xiao proposed full 
navigation systems using laser scan matching and IMU fusion for motion estimation embedded within 
SLAM frameworks that enable such MAVs to operate indoors [37]; F.Khan and A.Ellenberg 
implemented bridge deck inspection using unmanned aerial vehicle with RGB camera and infrared 
camera [38]. Carnegie Mellon University’s Robotics Institute, in collaboration with the Civil and 
Environmental Engineering departments at CMU and Northeastern University are doing the research of 
the Aerial Robotic Infrastructure Analyst (ARIA) project. Funded under the National Science 
Foundation’s National Robotics Initiative, the ARIA project is developing new methods to rapidly 
model and analyze infrastructure using small UAV [36]. 
However, UAV also has some essential limitations which seriously confine the application of it. First 
is power supply problem. The multi-rotor structure has limited payload ability so it can only take small 
battery packs which causes a short flight time. Only cameras or some other light weight sensing 
systems can be equipped on the aerial robot. Second, due to the light weight body, the robot is very 
sensitive to the changes of weather conditions. The failure of the battery, rotors or GPS signals would 
make the robot fall down and destroyed. These disadvantages seriously limited the application for 
bridge inspection. Generally the sensors that equipped on the UAV are video cameras, infrared cameras 
or other kind of cameras. As a result, only visual inspection can be implemented. However, there are 
some kinds of defect which couldn’t be seen from the surface of the bridge such as under paint 
corrosion and cracks. This means the inspection robots have to have the ability of taking other kinds of 
sensor such as ultrasonic probe or magnetic sensor. But so far, this kind of UAV has been published.  
2.3.2 Climbing robots for construction inspection 
A large number of climbing robots have been developed which can navigate on bridges, ship hulls 
and other man-made structures. In the past decades, many adhesion techniques were developed for 
Figure 2-15. Small, low-flying robot for bridge inspection developed by  
Carnegie Mellon University [36] 
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climbing robots that have the ability to handle different surfaces and provide accurate navigation. On 
the other hand, the use of these robots is limited to each special situation and application, and only a 
few of them are brought to commercial application. Therefore, the development of such inspection 
robots often depends on specific tasks and field situations. 
As mentioned earlier, the climbing robot is developed for different tasks and inspection objects. 
However, some of the requirements are always considered for climbing robot development. 
  a) Mobility 
  b) Power consumption 
  c) Safety 
  d) Maneuverability  
  e) Payload 
Mobility includes the moving speed of the robot and traversing ability. According to the dimensions 
of the structure to be inspected, different velocities of robot are required. For example, in the hull 
inspection or steel bridge inspection, a relatively high speed of the movement is needed because of the 
large dimensions of the structure. Traversing ability denotes the steering ability and the ability of 
negotiating obstacles in structures such as external corners, internal corners, steps, vertical walls, and 
bolts.  
  In most of the cases, a battery is used as the power supply to drive the robot. This implies that the 
power consumption of each part of the robot must be considered in the design process. Inspectors also 
need to monitor the battery power during an inspection. Once the battery has run out, it is difficult to 
secure a robot because usually it is impossible for the inspectors to access such a place with a complex 
structure.  
  For automation inspection, system safety is critical to ensure. If the robot fails and falls off the 
inspection structure, people under the structure may get seriously hurt. The robot will also be destroyed. 
This implies the adhesion technique plays a very important role in robot design. Permanent adhesion 
must be guaranteed during the inspection time, and in the best case, less power consumption will be 
required for the adhesion. 
  Maneuverability includes manipulation and positioning capabilities. Sensors need to be equipped on 
a robot for an inspection. As a result, the precision of locomotion and the robot’s trajectory are 
expected to be guaranteed such that the robot can move on the surface smoothly and continuously. 
  Payload is also an important element of an inspection robot. As stated earlier, sensing systems and 
cameras will be equipped on the robot. Therefore, the robot needs to have a high payload capacity to 
carry different types of sensors or sensing systems for the inspection of the construction. 
(a) Locomotion types of the climbing robot 
  As mentioned before, the development of a robot is determined by the desired task and target. 
Different tasks and targets require different types of locomotion. No locomotion type is applicable for 
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all types of construction. Before the robot is designed, we must consider which type of locomotion is 
suitable for this construction. In general, the locomotion of a climbing robot can be divided into the 
following types. 
 1. Legged robots 
 Research about legged robots has recently attracted considerable attention. In general, they have four 
or six legs for further stability. However, research on bipedal robots has been making considerable 
progress recently such as the Petman and Atlas produced by Boston Dynamics and Asimo produced by 
Honda. The advantage of legged robot is that it is highly adaptable to the structure. Further it is easier 
to negotiate obstacles on the surface of the structure by using a legged robot. In general, the adhesion 
device is equipped on the legs and can provide strong and stable adhesion to the surface of the structure 
if a multi-legged design is adopted.  
On the other hand, the robots usually require a considerable degree of freedom for locomotion, and 
therefore, their mechanical structure and control system are complicated. This also results in the heavy 
weight of the robot and the requirement of a large torque the robots’ joints. Because of its type of 
locomotion, the moving speed of a legged robot is considered to be slower and the power consumption 
to be higher than those of robots with other locomotion types. Therefore, a legged robot is appropriate 
for the inspection of a complex but not large dimensional structure.  
Reviewing literatures about legged climbing robot, it can be seen that only a few of bipedal robots 
are applied to construction inspection because of the lack of stability and moving speed. Literature 
[39][40][41][42] are the representatives of it. In most cases, legged robots with four or more than four 
legs are always used for construction inspection. Figure 2-16 lists some multi-legged robot for 
construction inspection [45][46][47][48][49]. 
2. Wheeled robots 
Wheeled climbing robot is good at climbing vertical walls and ceilings. The advantage of this kind 
of robot is their high speed and continuous movement. Only simple mechanical structure is needed to 
RAMR-Ⅰ[41] ROMA-Ⅱ[42] MMWR [39] Inchworm robot [40] 
MRWALLSPECT III [45] LEMURⅡ[46] ASTERISK [47] NINJA [43] Winspecbot [44]  
Figure 2-16. Some of the legged robots 
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control the moving of the robot. It is due to the fact that in contrast to legged robots which suffer an 
impact with the ground at heel strike and lose energy, an ideal rolling wheel doesn’t consume energy. A 
wheel rolling at a given velocity needs no input to maintain its motion. The adhesion method that 
wheeled robot always used is magnetic adhesion and pneumatic adhesion. This type of robot generally 
moves on a metal surface and concrete wall [50][51][52][53][54][55][56][57]. In some cases in which 
magnetic adhesion method is used, the wheels of the robot are used not only as a locomotion device but 
also as adhesion devices. The contact region of the robot and structure is only a line for one wheel, and 
this will lead to that one wheel must to provide large enough adhesion force to the robot to avoid 
falling off. In most of cases, wheels are only used as a driven or steering device. 
On the other hand, compared with the legged robot, wheeled robot is hard to handle large obstacles 
or steps, so it is less flexible related to the surface characteristics and exposed to slip effects. Figure 
2-17 shows some wheeled inspection robots. 
3. Tracked robots 
A track drive has several wheels and a pair of belts or tracks. The tracks roll forward as the wheels 
rotate to drive the robot moving forward. Tracked locomotion is often the best choice for a robot which 
has to navigate over a variety of different surfaces. When neither wheels nor legs effectively propel a 
City-climber [50] Cable inspection robot [51] Wall climbing robot [52] Cable inspection robot [53] 
Climbing robot [54] Wall inspection robot [55] Weld inspection robot [57] Climbing robot [56] 
Figure 2-17. Some of the wheeled robots 
Wall climbing robot [59] Wall climbing robot [60] Wall climbing robot [62] 
Neptune [64] High payload robot [65] Tracked robot [63] 
Figure 2-18. Some of the tracked robots 
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robot over a surface, track-drive locomotion sometimes works. It is also ideal when the surface is soft 
or sandy. Another advantage of track locomotion is the wheels can be suspended. As a result it helps 
maintain traction over stones and other obstacles. It also helps to avoid that a moderate-sized rock will 
tip the robot over.  
On the other hand, Steering of the tracked locomotion is harder than wheeled locomotion. If the 
robot must turn right, the left-hand track must run faster than the right-hand track. If the robot is to turn 
left, the right-hand track must run faster than the left-hand track. Steering radius depends on the 
difference in speed between the two tracks. Another problem is that the wheels might slip around inside 
the track, without the track following along especially when the robot is climbing a steep slope. On 
smooth surfaces, track drives are usually not needed. If the surface is extremely rugged, robot legs or 
tri-star wheel locomotion generally work better. [58][59][60][61][62][63][64][65] 
4. Other types of locomotion 
There are some other kinds of locomotion such as sliding frame [66][67][68][69], wires or rails and 
propulsion. Sliding frame locomotion is the system that provides a simple mechanical structure on two 
frames which can move in a linear or rotational way against each other. Wires and rails locomotion 
robots are always used for maintenance and cleaning [70][71]. The advantage of this principle is that 
the system can be guaranteed not to drop off and rescued easily. These two types of robot required 
relatively simple structures. The propulsion type of locomotion makes use of the forces developed by 
propellers to move [72]. This type of locomotion is used in very restricted and specific application.  
Sky cleaner Ⅳ [67] Climbing robot [68] NDT robot [69] 
TITO [71]  WSR-Ⅰ [71] WSR-Ⅱ [70] 
Figure 2-19. Some of the sliding robots and wire and rope robots 
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Table 2-2 summed up the locomotion types and their advantages and disadvantages. Each 
locomotion principle has its strengths and weaknesses. The locomotion type should be chosen 
according to the application field. 
(b) Adhesion techniques of the climbing robot  
The choice of adhesion methods is a key issue in the development of a climbing robot. Such 
development also depends on the specific given task. Depending on the application, the robot must 
have the ability to carry a payload. Cameras, sensors and other inspection systems are always used. 
Besides its own weight, the robot has to be capable of carrying a high payload.  
Thus far, a number of novel methods have been used for designing the adhesion system of climbing 
robots. In general, they can be classified as following: magnetic adhesion, pneumatic adhesion, 
mechanical adhesion, electrostatic adhesion, and chemical adhesion. 
1. Magnetic adhesion 
Magnetic adhesion is a common technique for climbing robots and can also be further divided as 
permanent magnet type and electromagnet type. Common applications of this kind of such a system are 
Requirements Legged Wheeled Tracked Sliding frame Wires and rails propulsion 
Speed Weak Good Average Average Weak Good 
Traversing Good Average Good Weak Weak Weak 
Power consume Weak Good Good Average Good Weak 
Safety Average Average Average Average Good Average 
Maneuverability Average Good Good Good Average Weak 
Payload Average average Average Average Good Weak 
 
Table 2-2 Comparison of each locomotion types 
Figure 2-20. Robots with magnetic adhesion method 
[40] 
[65] [78] 
[77] 
[75] 
[74] 
[79] 
[80] 
[59] 
[81] 
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inspections，maintenance and construction work. This type of system is often able to provide a 
sufficient attraction force to ensure that the robot remains stable without a complex structure. In the 
case of the permanent magnet, there is no power consumption for adhesion. Even in cases where the 
artificial structure is complex and has different types of obstacle such as bolts, steps or steel gussets, 
this technique has been widely employed. Compared to other adhesion methods, magnetic adhesion 
method provides constant adhesion force and doesn’t need extra power to maintain the adhesion. In 
literature [40][74][75][76][77][78][79][80][81][65], there are some typical applications of the use of 
the magnetic adhesion technique. On the other hand, such robots can only be used on ferromagnetic 
material structures and the attraction force cannot be controlled. Sometimes a very strong attraction 
force will interfere with the robots’ locomotion and their ability to overcome steps or obstacles. Figure 
2-20 shows some of the robots that will be introduced in detail. The magnetic adhesion method is 
applied in these robots. 
2. Pneumatic adhesion 
Pneumatic adhesion is another commonly used technique in the field of climbing robot. It mainly 
includes three different types: Passive suction cups [82][86], active suction chambers and vortex or 
thrust systems [83][84][85]. This kind of adhesion technique is mainly used where no ferromagnetic 
material is applied. A large number of climbing robots adopt this technique to maintain, inspect and 
clean bridges or other artificial structures. No matter what the material is, if the surface of it is flat, 
pneumatic adhesion is able to play a role. However, the main problem of this technique is the leak 
tightness of the vacuum device especially on rough surface and high power consumption. In addition, 
this type of system is relatively slow so they aren’t applicable for fast navigation. 
3. Mechanical adhesion 
Mechanical adhesion is another technique for attraction which is based on claws, spines [87][88] 
gripping or clamping [89][90][91] mechanism to achieve climbing. These systems are suitable for the 
RAMR-Ⅰ[86] Suction cup robot [82] CROMSCI [83] WWCR [84] ICM robot [85] 
Figure 2-21. Robots with pneumatic adhesion method 
RiSE V3 [87] HyDRA [89] Treebot [90] 3DClimber [91] 
Figure 2-22. Robots with mechanical adhesion method 
SpinybotII [88] 
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rough surface such as some concrete walls which are rough enough, or for some surfaces which can 
provide some protruding parts for the robots to grip or clamp. As the magnetic technique, the greatest 
advantage of this technique is no power consumption in terms of climbing. Even if the robots lost its’ 
power supply, it can also keep staying without dropping off the structure. On the other hand, this kind 
of system can’t provide enough payloads so generally sensing system is hard to be equipped on this 
kind of robots. Compared with the previous two techniques, the robot adopted this technique is lack of 
speed and maneuverability. Figure 2-22 shows some examples of the robots adopted this technique. 
Most of the robots are adaptable to climbing vertical walls but hard to hang upside down and not 
appropriate for smooth surfaces like glass and metal. It is also another disadvantage of this kind of 
system.  
4. Electrostatic adhesion and chemical method 
There are also some other kinds of adhesion techniques like electrostatic adhesion and chemical 
adhesion techniques. These new approaches are generally specialized to certain situations and 
environment. Electrostatic adhesion is regarded as a very promising approach because it is safe, energy 
efficient and robust on different surfaces [92][93]. In literature [92], the experiment has shown that 
only 0.02mW/N power supply is needed for the robot to stay clamped. On the other hand, this 
technique is still at the first stage of development. Low payload problem limited the use of this 
technique. For chemical adhesion, this technique includes sticky tapes in combination with a kind of 
wheels [94][95] and thermal glue [96] which changes its characteristics depending on the temperature.  
Table 2-3 sums up advantages and disadvantages of every adhesion methods mentioned above. As 
we can see that each adhesion technique has its strengths and weaknesses. Depending on different 
applications, climbing robots have to fulfill certain requirements. 
(c) Locomotion and adhesion technology in the research 
Legged locomotion, wheeled locomotion and tracked locomotion are considered that can be used for 
the steel bridge inspection. Generally, steel bridge inspection is a time consuming procedure. From the 
ease of implementation, high-efficiency and rapid inspection is welcomed. Considering the large 
dimension of the steel bridge, wheeled locomotion is better than tracked locomotion and legged 
locomotion in the aspect of moving speed. As a result, according to the comparison of all the adhesion 
techniques introduced above, permanent magnetic wheel is considered to be the best way to implement 
adhesion and locomotion on the steel bridge. Although permanent magnetic wheel is not applicable to 
concrete surface or some other materials, for ferromagnetic structure it is very safe, reliable and power 
efficient. Furthermore, in this study, the adhesion device is also used to provide excitation magnetic 
Figure 2-23. Robots with electrostatic adhesion and chemical method 
Robot by [92] Robot by [93] Waalbot [94] Mini-whegs [62] Stickybot [63] 
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field for the sensors to inspect the steel bridge, therefore, stable magnetic field is needed. Magnetic 
wheel is able to satisfy this requirement on the condition of appropriate design. 
2.3.3 Climbing inspection robot based on magnetic adhesion technology review 
in recent years. 
  1. FMSN developed by Georgia Institute of Technology. 
Yang Wang’s group in Georgia Institute of Technology developed a wireless mobile sensor system 
with a series of magnetic wall-climbing robots as mobile sensor node named FMSN for health 
monitoring and dynamic testing of large civil (ferromagnetic) structures in 2012 [76][77].  
The FMSN consists of three substructures: two 2-wheel cars and a compliant connection beam. Each 
2- wheel car contains a body frame, two motorized wheels, batteries, a wireless sensing units and 
associated sensors. The wheels of FMSN are enveloped by thin magnets with magnetization axes 
arranged alternately pointing toward and away from the wheel center to provide attraction for climbing 
on ferromagnetic structures. A Hall-effect sensor is equipped above each magnetic wheel for measuring 
the periodical change of the magnetic flux as the wheel rotates, which provides wheel velocity 
feedback for real-time control. Unlike traditional design, where the distance between the front and rear 
wheel pairs is fixed, a compliant beam connecting two axles is used. With this compliant beam, FMSN 
is capable of negotiate corners when maneuvering on ferromagnetic surfaces. Furthermore, this beam 
also serves as a sensor attachment device. An accelerometer is equipped onto the beam so that it can be 
Adhesion method Advantage Disadvantage Implimentation 
Suction cup 
Easy to be made 
No power consumption 
Only for smooth 
surface 
Difficult 
Vacuum chamber 
Applicable for several 
applications 
Power consumption 
Slow speed 
Average 
Electrostatic 
Energy efficient 
Robust on different surface 
Low payload Difficult 
Mechanical 
adhesion 
For rough surface 
Low speed 
Limited by specific 
surface 
Difficult 
Chemical adhesion No power consumption Low payload Difficult 
Electromagnet Adhesion force can be controlled Power consumption Average 
Permanent magnet 
No power consumption 
Simple structure 
Only for ferromagnetic 
surface 
Good 
 
Table 2-3 Comparison of adhesion technology 
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attached onto the structural surface or detach from the structural surface by moving front wheels and 
rear wheels by bending the beam. In a hammer impact test, FMSN are distributed in different position 
collect the vibration data from each accelerometer and finally condition of the bridge can be assessed 
with data.    
However, Steering system is not designed in this research so that the robot can't make left or right 
turns. Besides, FMSN can only move on relatively smooth structural surface. It is lack of the ability of 
navigating over difficult obstacles such as large bolts and rivets. Furthermore, the details of attraction 
force of the magnetic wheel aren’t presented in the paper and the robot isn’t able to pass internal 
corners. It deeply influences the application of this robot to steel bridge inspection. 
  2. MagneBike developed by Autonomous Systems Lab of ETH 
Wolfgang Fischer and Roland Siegwart carried out a series of detailed research on climbing robot on 
ferromagnetic surface. They developed some excellent robots such as MagneBike in 2009 [75][78]. 
MagneBike is a compact robot with two magnetic wheels in a motorbike arrangement, which is 
Figure 2-24. Prototype of FMSN [76][77] 
Figure 2-25. (a) Prototype of MagneBike (b) Structure of the magnetic wheel [75][78] 
(a) (b) 
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intended for inspecting the inner casing of ferromagnetic pipes with complex-shaped structures. The 
robot not only can climb vertical walls and follow circumferential paths inside the pipe structure but it 
is also able to pass complex combinations of 90 degree convex and concave ferromagnetic obstacles 
with almost any inclination regarding gravity.  
The MagneBike has the advantages of being compact (180×130×220mm) and mechanically simple: 
It features only five active degrees of freedom (two driven wheels each equipped with an active lifter 
stabilizer and one steering unit). MagneBike is a robot with configurations like a motor bike. It has 
only two aligned wheels. This setup brings the advantage of being independent of the pipe diameter but 
has the drawback on the other hand of dealing with lateral instability on inclined and vertical surfaces. 
In Figure 2-25(b), the prototype of the magnetic wheel used in MagneBike is shown. It consists of a 
magnet ring, two ferromagnetic rim ring and over-molded synthetic rubber tire. Ferromagnetic rims are 
set on each side of the neodymium magnet ring in order to produce a magnetic flux through them and 
the surface of the specimen what results in a strong attractive force to keep the robot on the surface of 
the specimen. We call this design as the classic magnetic wheel design. By using a strain gage as a 
feedback control sensor, the author developed a control system to control the front and rear wheel 
respectively making the robot overcome convex and concave obstacles without slippage.  
However, the mobility of MagneBike is limited because of instability by using motorbike-shape 
design. It is also lack of the ability of negotiating obstacles such as large bolts and rivets. There is no 
NDT sensor adapted and no camera equipped on the robot and power supply is also issues that haven’t 
been solved. 
They also developed other highly compact climbing robots with magnetic wheels for ferromagnetic 
material inspection. For example, AirGapCrawler for generation inspection; A tube crawler robot 
named Tubulo for boiler tubes inspection; A magnetic wall climbing robot for thin surface with a lifter 
and so on., and a very compact robot named Cy-mag3D with only two wheels and a magnet in the body 
of the robot [71][74].  
In Figure 2-26 (a), a robot named AirGapCrawler is developed by Wolfgang Fischer in 2011. This 
robot is used for the inspection of large generator stators. Generally, the most time-consuming work of 
the inspection is the removal of the rotor. This step could be avoided if a miniature inspection robot is 
used. This robot should be small enough to pass through very narrow entrance gaps sometimes only 
9mm. As a result, AirGapCrawler is designed with the height of only 8mm.A series of classic magnetic 
wheels are used as the driving axis. 
Tripillar and Cy-mag3D are developed for power plant inspection. Tripillar has a caterpillar design 
(a) AirgapCrawler (b)Tripillar (c)Cy-ma
 
(d)Tubulo (e)Wall-climbing 
 
Figure 2-26. Some compact robots for ferromagnetic structure inspection [74]. 
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which shows very good friction force including magnets and body magnets instead of magnetic wheel. 
This design makes the robot has the ability to negotiate irregular obstacles such as steps and gaps 
where the small wheels get stuck. However, it isn’t able to pass external corners and convex-curved 
surfaces because the caterpillar gets peeled off there. Cy-mag3D is a simple structure two-wheeled robot 
with the magnets fixed in the body but place inside the two wheels. The robot has no other contact to 
the ground, so the body automatically keeps upright. It is only 28mm in diameter and 62mm in width 
but able to pass internal corners and most of the outer transitions smoothly. But sometimes it has the 
limitation from the vertical wall to the top flower if the corner is sharp. 
  Tubulo is a robot developed for the inspection of the tubes which are around the furnace of a boiler 
where the water is warmed up. In some cases, the diameter of the tube will change so magnetic 
adhesion method is chosen with the utilization of the magnetic wheels. The image from the camera 
which is equipped in front of the robot is transmitted through a cable at the end of the robot. 
A wall clim1bing robot is developed for inspection of gas tanks which are made of thin metal sheets. 
This robot has four classic magnetic wheels and two lifting actuators which make the magnetic wheels 
can be lifted off the ground for passing the ridges. 
3. Steel bridge inspection robot developed by Osaka City University.  
A design of a steel bridge inspection robot developed by Yogo Takada was published in 2013. The 
robot is used to inspect cracks and corrosions in the steel bridge. The robot is four-wheel driving and 
able to climb vertically and negotiate convex and concave corners with the use of 8 strong permanent 
magnets installed on each rimless wheels [79].  
  The prototype of the rimless wheel is shown in Figure 2-27 (a). It is consisted of eight spokes in 
which eight permanent magnets are equipped on the top of each spoke. The magnets contact with the 
steel directly to provide enough attraction force. As a result, when the wheel rotates, enough torque is 
(a)  (b)  
Figure 2-27. (a) Magnetic wheel of the robot (b) Prototype of the robot (c) Running 
routes of the experiment [79]. 
(c)  
Route number 1 2 3 4 5 6 
Success rate 70% 60% 10% 10% 50% 50% 
 
Table 2-4 Success rate of running at the routes [79] 
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needed. This makes the robot to be made lightweight as much as possible. The prototype of the robot is 
shown in Figure 2-27 (b). It is about 330mm in length, 195mm in width and 105mm in height. Carbon 
and duralumin are used to make the robot just 550g in weight. A spring is adapted to combine front axis 
and rear axis so that the robot has the ability of deformation to overcome obstacles and corners. A piece 
of rubber of 0.4mm in thickness is coated on the surface of each magnet to avoid slippage. On the other 
hand, the attraction force will be reduced by the rubber because of the gap between the steel and the 
magnets. 
  An experiment is done to validate the locomotion ability of the robot. The robot moves on different 
routes shown in Figure 2-27 (c). The success rate of the moving is shown in Table 2-4. The result 
shows that it is difficult to move in the inner corner for the robot. The main reason is that the slippage 
and the vibration make the robot wag from side to side. Furthermore, there is a big difference in speed 
of the front axis and the rear axis. 
The main advantages in this research are lightweight construction (550g) and simple mechanical 
structure. The research is still underway and there are many issues need to be solved. For example, it is 
impossible to negotiate steps below 7cm high and successful rate of overcoming concave corner is low. 
Because of the rimless wheel design, the attraction force of the wheel isn’t continuous. There is 
vibration happened as the robot moves, and this will influence the stability of the robot. A spring is 
used as a passive compliance joint to connect two axis of the robot, however, it is also difficult to keep 
the front and rear axis in the same speed and this will lead to a twist effect on the robot. The attraction 
force that the wheel can provide is not enough, as a result, it is difficult to equip sensing systems and 
cameras on it.  
4. High-payload climbing robot developed by Seoul National University. 
Giuk Lee and Geeyun Wu developed a high-payload climbing robot for heavy material conveyance 
and inspection of vessels or steel bridges named Combot. As shown in Figure28. The size of the robot 
is 216×522×38mm2, including the tail length, and the weight of the robot is 6.4kg, including battery, 
controller, torque sensor, and signal conditional [62][65]. 
The robot consists of three magnetic tread-wheel modules which are connected by two compliant 
joint. The modules are equipped with caterpillar-type magnetic tread. Each module is connected with 
each link by rotational compliant joints. Four compliant joints are used: two of them are active 
compliant joints and the other two are passive compliant joints. The active compliant joints are rotated 
by torque feedback control of a motor. The passive joints consist of torsion spring. Further, the robot is 
Figure 2-28. High-payload climbing robot-Combot [62][65]. 
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equipped with active torque control tail at its back end. There are six motors used in the robot-three for 
driving the main modules and three for torque control. The Combot has three main modules. Each main 
module is equipped with a caterpillar belt. On the belt, segment magnets are attached for adhesion 
force. Through driving the magnet tread, the robot can move forward and backward. The tread is driven 
by the rear wheel which can increase the tension at the bottom of the belt. The horizontal, vertical, and 
ceiling climbing ability of the robot are tested. The Combot can run at the speed of 22cm/s and climb at 
a speed of 20cm/s on vertical and inverted horizontal surfaces. The Combot has an ability to take 10kg 
payload on a vertical surface and on a ceiling.  
The advantages of this robot are high payload ability up to 10kg and can achieve types of transitions 
by compliant locomotion without complex control. On the other hand, this robot is available for the flat 
surface but difficult to move on the complex surface with bolts and other large obstacles. When the 
robot negotiates external corners, the payload ability isn’t validated by the author. Furthermore, only 
three motors are used for driving the robot forward and backward, and the robot doesn’t have steering 
system. It deeply limits the application of the robot. 
5. Lightweight robot for marine vessel inspection developed by DFKI Robotics Innovation 
Center 
A robot application for marine vessel inspection has been proposed by Markus Eich in 2013 [80]. 
This robot can provide visual data to the inspectors. A camera is attached to the front of the robot, 
including a LED light source to enhance the image quality. The robot also stores high-resolution 
images and video streams directly on a local SD card for post processing. It can also mark the defects 
directly on the bulkhead of a ship using a micro-pump to apply acrylic varnish on the surface. 
It contains two magnetic climbing robots and a micro-aerial vehicle. One of them is called 
lightweight inspection robot which is depicted in Figure 2-29. It is actuated by two 12V DC motors that 
drive the two front wheels on which a total of 112 neodymium magnets are attached. The polarities of 
the magnets are oriented alternately to increase the adhesion force. Each wheel consists of two rows of 
magnets with a foam material applied in between to increase the traction during climbing. The magnets 
are integrated into flexible rubber holdings that provide adaptability to the surface, and allow the 
system to traverse between surfaces. A tail is attached to the system using a flexible tail joint with two 
additional magnetic rings to ensure the robot adapt to uneven parts and climb on corrugated metal parts. 
This robot’s weight is below 1kg, no safety precaution need to be taken, except for a small catching net 
to catch the robot in case it drops.  
The advantages of the robot is: its ease of use, which was proved by surveyors being able to control 
Figure 2-29. Lightweight inspection robot [80]. 
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the robot without prior training; It serves as the extension of surveyor’s eyes, supplying him with a 
quick look at the parts of the ship; Lightweight, it is only 1kg weight so that it is easy to be taken into 
the field. The robot was able to overcome obstacles such as welds and small metallic bolts, however it 
is difficult to overcome non-magnetic obstacles such as cables of up to 6mm diameter. Due to the size 
and weight of the lightweight robot, which were directly imposed by the requirements, the robot cannot 
carry additional sensors that could be used for corrosion testing but only camera. In addition, rust and 
dirt would stick to the magnets so that it did not allow the robot to climb freely on the bulkhead and 
rusty patches provide less adhesion force for magnets. The magnets are also corroded very easily. The 
author just stated that the robot can moving on a vertical surface but didn’t give details that whether the 
robot has the ability of overcome inner and external corners or other kinds of obstacles. 
6. A multi-segmented magnetic robot for hull climbing 
A multi-segmented magnetic robot (MSMR) for hull climbing is developed in 2013 by research and 
applied sciences department, SPAWAR System Center Pacific, which is sponsored by Naval Innovative 
Science and Engineering Program[81][97]. This robot is used to assist surveyors in inspection tasks, 
reducing cost and risk for personnel. Compared with traditional rigid-body tracked magnetic robots 
which detach easily in the presence of surface discontinuities, the segmented robot adapts to such 
discontinuities with improved adhesion to the ferrous surface. The prototype of the robot is shown in 
Figure 2-30. 
The MSMR robot system is composed of the robot modules, and magnetic wheels and linkages. The 
modules contain the system electronics, motors and batteries. The exterior of the robot module protects 
its contents from water, dust, dirt, and impacts with obstacles. The flexible linkages allow relative 
motion between robot modules so the system can turn, negotiate obstacles, and traverse around corners. 
A plastic prototyping machine was used to fabricate the robot module chassis with a polycarbonate 
ABS blend to achieve a rapid turnaround time. The final version will likely to be machined from 
(c)  (d)  
(a)  (b)  
Figure 2-30. (a) Locomotion of MSMR (b) Prototype of each part of MSMR (c) 
Structure of the wheel (d) Linkage part of the MSMR[81][97]. 
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aluminum to increase strength and durability.  
The magnetic wheel provides adhesion force for the MSMR to keep it on the surface of the 
ferromagnetic material. It makes the MSMR be able to pass the concave and convex corners. For the 
wheel to climb a surface effectively, it needs enough adhesion force to carry the weight of the MSMR 
so that the friction between the wheel and surface being climbed keeps the wheel from sliding. On the 
other hand, minimizing the mass of the magnetic wheel and MSMR aids in reducing the required 
magnetic force, motor output torque, and electrical power.  
In this research, two types of magnetic wheel are developed for MSMR- conformal wheel and 
flux-plate wheel. The conformal wheel consists of high-flex elastomer, magnetic locator, rigid hub, 
radial magnets array, and elastomeric tread. This highly flexible structure allows the wheel deform 
when it contacts with the ferromagnetic surface, so that it flattens somewhat. This flattened portion of 
the wheel creates a larger surface of the contact, increasing both adhesion force and traction. The 
high-flex elastomeric wheel provides the structure and flexibility of the wheel, with the magnets 
positioned radially with the north-pole facing toward the surface. The magnet locator is a highly 
elastomer that holds the magnets in place and remains flexible to maximize the conformability of the 
wheel. The rigid hub transfer the torque to the drive-shaft output to the wheel and thin elastomeric tread 
provides traction and constrains the magnets inside of the wheel. The flux-plate wheel consists of 
elastomer wheel, two flux-plates, flux-plate locator, rigid hub, and an array of magnets, oriented 
parallel to the central axis of the wheel. The magnets are positioned with all the north poles facing one 
side of the wheel and south-pole of the other. Modeling and simulation demonstrated that flux-plate 
wheel design is superior to conformal wheel design in both performance and maneuverability. As a 
result, optimized flux-plate is chosen for use of MSMR.   
Linkage design is another key issue for MSMR. The linkage which makes the connection between 
robot modules must be flexible to allow the robot turn around and transfer the driving force from the 
rear wheels to front wheels. Too many degrees of freedom (DOF) would make control of the system 
overly complex. On the other hand, lack of DOF will limit maneuverability and traversing ability of the 
MSMR. Some types of linkages were designed, fabricated and tested. Finally, yaw bow linkage is 
considered. There is a limited-range-of-motion single-DOF leaf spring in the linkage which biases the 
robot towards an alignment of the wheels. The pivot and range limiting portions worked well, allowing 
effective turning without allowing wheel-to-wheel contact. 
  The yaw-bow linkage only provided a single DOF but didn’t provide roll DOF in the yaw axis. It 
sometimes results in the loss of the wheel contact if the robot negotiates external corners. This project 
is still going on and the author may probably improve the mechanism in the future. 
7. An inchworm inspection robot for steel bridges. 
Peter Ward and Dikai Liu developed an inchworm inspired climbing robot for Sydney Harbour 
bridge inspection in 2014[40][98]. In order to perform the manhole transition, the author used 
biological inspiration from inchworm. A 7 DOF inchworm robot was developed. With rotations at the 
foot and head of the robot, the robot has the ability to perform a 360deg plane transition and is able to 
fold as close as possible to the surface during the manhole wrap. In this research, a magnetic adhesion 
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system which is able to peel the high grade neodymium magnets from the surface of the steel bridge is 
patented in Australia. The magnetic toes shown in Figure 2-31 (b) consist of sector gear, magnet, and 
pinion gear driven by motor. With the use of gear and leverage, the system is able to overcome 
attraction force from magnet and peel the magnetic toes from the steel.    
The advantage of this robot is flexible mobility and it is the only climbing robot known to the 
authors which can perform 360 degree plane transition in any orientation irrespective of gravity. From 
the perspective of locomotion, this design compromised the velocity of the robot and power supply is 
also a tough issue to face. 
8. OmniClimbers developed by University of Coimbra [75] 
Mahmoud Tavakoli and Carlos Viegas developed a climbing robot with high maneuverability for 
inspection of ferromagnetic flat and convex human made structure. This robot is mainly used in the 
inspection of gas pipe and oil tanks, wind turbines, pipeline and marine vessel whose structures share 
three common aspects: they need periodical inspection maintenance and cleaning; their exterior 
circumference is convex; most of them are built from ferromagnetic material. The minimum structure 
radius which Omniclimbers could overcome is 150mm.  
The robot mainly consists of the central magnet which is the strongest magnet to provide enough 
force in order to hold the mechanism attached to the surface, three side magnets which plays the main 
role for the curvature adapting system and apply the necessary force to bend the chassis, three 
omnidirectional magnetic wheels and a new chassis.  
(a) 
(b) 
Figure 2-31. (a) Prototype of the inchworm robot (b) structure of magnetic toes [40][98]. 
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For most pole-climbing robot, a limitation is that they cannot rotate around the pole or in order to 
rotate around the pole, they have high energy and time costs. The author used an omnidirectional 
chassis which is only flexible around joints. This new chassis allows only a deflection around the axes 
which push the wheels against the structure. It also integrated torsional springs in the passive joints to 
bend the chassis and push the wheels toward the structure, thus reducing the required magnetic force. 
This new chassis also allowed the robot to tackle curved structure with smaller radius. 
As the desired structure for this project are ferromagnetic, and not always flat, usage of negative 
pressure is not the best choice due to energy consumption and curvature adaptability problems and 
magnetic adherence is a more appropriate choice.  
So far, the author designed four versions of omnidirectional magnetic wheels as shown in Figure 
2-32 (b). In the first generation to avoid the contact of the magnet ring with the ground, the diameter of 
the magnetic ring and the wheel is different. As a result, there is a gap of 7mm between the magnetic 
ring and the wheel. This leads to insufficient adhesion force. The second generation of the wheel 
offered some improvements on the adjustability of the system. It consists of an array of individual 
magnets, where the distance between the magnets and surface could vary, by means of manual 
adjustment. Compared with the first generation, the second generation provides enough attraction force. 
(a) 
(b) 
Figure 2-32. (a) Prototype of the Omniclimber (b) Four versions of the magnetic wheel [75]. 
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On the other hand, because of the magnets array, the wheel cannot provide continuous adhesion force. 
Both of the two generations have the tilting problem when the magnets contact the ground surface 
directly. In the third generation, the magnets array is placed in the center of the omnidirectional wheel 
to eliminate the tilting problem of the wheel in the previous two generation. Magnets could also be 
placed at a distance very near to the surface without touching it, thus providing a bigger adherence 
force and a better traction compared to the previous solution. From the three previous generations, the 
author found that vibration of wheel due to the gap of the rollers reduces the robot trajectory following 
accuracy and impair the climbing process. It is important to eliminate the vibration effect as much as 
possible. As a result, the fourth generation is designed. In the fourth generation, the wheel is much 
smaller and lighter than the previous generations. The magnetic rollers are integrated in the wheel. It is 
composed of two ring magnets with same polarities facing each other. This design reduced the gap 
between the rollers and thus the vibration is also reduced. On the other hand, since the lighter and 
smaller wheel, the magnetic force is also smaller. Nickel coated magnets have a low friction coefficient 
on the steel. 
  This robot is designed for inspection of ferromagnetic flat and convex human made structure. It is 
lack of the ability of overcoming the obstacles such as bolts or flanges on the steel bridges. It also 
cannot pass complex combinations of 90-deg convex and concave corners or ferromagnetic obstacles. 
The magnetic wheels have a low friction coefficient to the steel which will impact on the traction. 
2.3.4 Some other bridge inspection robots  
Rutgers University’s group developed an autonomous robotic system for high-efficient bridge deck 
inspection and evaluation as shown in Figure 2-33 (a) [35]. This robot is used as a platform to carry 
various NDE sensing systems for simultaneous and fast data collection. The NDE sensor includes 
ground penetration radar arrays, acoustic arrays, electrical resistivity sensors, and video cameras. 
Besides the sensors, the robot is also equipped with various onboard navigation sensors such as global 
position system (GPS), inertial measurement units (IMU), laser scanner, and so on. 
  Autonomous systems Lab of ETH developed a climbing robot for corrosion monitoring of reinforced 
concrete structures such as cooling towers, dams, and bridges in Figure 2-33 (b) [99]. The robot 
combines a vortex adhesion mechanism with a wheel electrode sensor for potential mapping of 
concrete surface. A specific lightweight wheel electrode sensor is developed and placed on the robot to 
take the potential readings. Taking the advantage of half-cell potential mapping method, this system is 
able to detect corroding areas on existing structures at an earlier stage than visual inspection. 
A wall climbing robot for oil tank inspection is developed by Love P. Kalra and Jason Gu in Figure 
2-33 (c) [100]. The robot consists of a box shape aluminum frame, motors, drive train and tracked 
wheels with permanent magnets placed in evenly spaced steel channels. A differential drive mechanism 
has been selected for this robot in which the wheels or tracks on each side of the robot are driven by a 
separate motor which allows great maneuverability and the ability to rotate the robot at its own axis. 
34 
 
Department of Engineering at MIT developed a legged robot which moves across a steel structure 
for steel bridge inspection in Figure 2-33 (d) [101]. Powerful permanent magnets embedded in each 
foot allow the robot to hang from a steel ceiling powerlessly.   
Bridge inspection robot research in Japan 
In recent years, Japanese infrastructures are facing serious deterioration problems. In the period of 
high economic growth (1955-1973), a large number of infrastructures such as bridges and tunnels were 
constructed. Nowadays, these infrastructures are getting deteriorated and some accidents have 
happened such as the sasago tunnel accident happened in 2012 and kisogawa bridge fracture accident. 
Ministry of Land, Infrastructure, Transport and Tourism began to support the research of automatic 
bridge inspection systems from the year of 2013. Some of the research achievements were exhibited in 
2014 as shown in Figure 2-34. 
  These robots basically can be divided into two types: climbing robots and multi-copters. For 
climbing robots, it is convenient to equip some types of s sensors on them. For multi-copters, it is 
generally equipped with cameras to inspect bridges. Most of these robots are still under research. 
2.4 Summary 
In this chapter, the current conditions of steel bridges in Japan and some other countries, NDT 
inspection technologies, access to bridges, and bridge inspection robots have been reviewed. In Japan, 
steel bridges and other types of infrastructure are facing serious deterioration problem. Periodical 
Figure 2-33. Bridge inspection robots 
(a) [35] (b) [99] (c) [100] (d) [101] 
Figure 2-34. Recent research of bridge inspection robots in Japan [102] 
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inspection is necessary to ensure the safety of these steel bridges. The current inspection approach 
seriously relies considerably on human vision, which is subjective and time-consuming. Furthermore, 
the access method to the steel bridges puts the inspectors at risk. From the perspective of safety, 
automatic inspection facilities, particularly inspection robots can provide a solution to this problem. 
Common NDT methods are listed and analyzed and their feasibilities for automatic inspection are 
analyzed. Research on inspection robots, particularly climbing robots is reviewed from the aspects of 
locomotion types and adhesion methods. Wheeled locomotion and permanent magnet adhesion are 
considered as the best choices for steel bridge inspection by comparing various locomotion types and 
adhesion methods. Finally, steel structure inspection robots developed in the last ten years and 
equipped with permanent magnets for adhesion are introduced in detail.  
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Chapter 3 MAGNETIC WHEEL DESIGN 
As introduced in Section 2.3.2, the advantages of the wheeled robot are high speed and continuous 
movement. Wheeled locomotion is considered to be the best choice for inspection robot because of the 
large dimension of steel bridge. 
Magnetic wheel design is the key topic of whole robot design. The magnetic wheels must be able to 
provide sufficient adhesion force and friction force to carry the weight of the robot and to enable the 
robot to move forward and negotiate steps, obstacles and corners. In this research, magnetic wheels are 
not only used as adhesion devices of the robot, but also regarded as excitation source which provides 
exciting magnetic field for non-destructive testing. Furthermore, a sufficient strong magnetic field 
induced by magnetic wheels is required and has to be maintained consistent as the wheel rotates. 
Moreover, sufficient adhesion force and friction coefficient need to be provided to ensure the flexible 
mobility of the robot. Lastly, the size and the weight of magnetic wheels have to be limited in order to 
keep the robot compact and lightweight.  
Two methods can be chosen to manufacture the magnetic adhesion- electromagnets and permanent 
magnets. Magnetic field produced by electromagnet can be switched on and off by controlling the 
current flowing through the wire. However, a constant power supply is needed for maintaining the 
adhesion. In addition, electromagnet is difficult to integrate into the magnetic wheel and the track. 
Therefore, a permanent magnet is considered as the best choice in this work. Neodymium magnet (also 
known as NdFeB magnet) is the most widely used type of magnet and is made from an alloy of 
neodymium, iron and boron to form the Nd2Fe14B tetragonal crystalline structure developed in 1982 by 
General Motors and Sumitomo Special Metals [103]. It is the strongest type of permanent magnet 
commercially available and it provides relatively high magnetic field intensity to produce large 
magnetic force. Furthermore, it is good at corrosion resistance, hardness and mechanical strength. This 
type of magnet allows for very strong fields at very small size and mass and can also be easily 
integrated into wheel and track, it has almost completely substitute the electromagnets in the field of 
climbing robots.  
3.1 Magnetic wheel Review 
In the past researches, some concepts of magnetic wheels have been thought of for developing all 
kinds of inspection robots which have the ability of passing different types of obstacles. Table 3-1 
N S 
Steel  
Magnetic field line  
Figure 3-1. A ring-magnet is used as a wheel Figure 3-2. A series of cylindrical magnets are 
integrated into wheel hub [105] 
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shows the principles of them. 
For magnetic wheel design, the simplest method is using only magnet rings fixed on the rotating 
shaft. An NdFeB magnet can provide a remarkable adhesion force, which corresponds to more than 100 
times its own mass. However, a magnetic field line is required to pass through the surface of the 
ferromagnetic material. It implies that the magnetic poles have to face the surface of the material. 
Otherwise, only a few magnetic field lines will pass through the material, and this will lead to a 
reduction of the adhesion force. 
Figure 3-1 shows the simplest design of a magnetic wheel- using just a ring magnet. Magnetic poles 
are located on two circular plane surfaces. Red lines represent magnetic field line produced by the 
magnet. Part of the magnetic field lines flow from the N pole to steel and return to the S pole again. 
Magnetic pole doesn’t contact with the steel in directly. As a result, this design can’t provide sufficient 
adhesion force. An improved design is that one of the magnetic poles faces to the surface of the 
material. For example, Ben-Gurion University developed a two magnetic wheeled climbing robot as 
shown in Figure 3-2. Several cylindrical magnets that can move in radial direction are used. Springs are 
also equipped on the wheel to return magnets to the neutral position. This design can provide a large 
adhesion force because the magnetic poles face to the surface of the material. In previous studies 
[75][80], the similar designs of magnetic wheel are also presented. However, the disadvantages of such 
a design are obvious:  
 Magnets come into direct contact with the ferromagnetic surface. This may lead to the 
corrosion of the magnets. 
 As the wheels rotate, the motor need to provide sufficient torque output to peel the magnets off 
the surface. 
 Vibration effects are generated as the wheels rotate because of the plane surface of the magnets. 
 This design allows for passively rolling through concave corner transitions but has certain 
limitations on convex corner transitions because of the discontinuous adhesion force. 
To solve these problems, the desirable design is that the direction of magnetic flux line will not be 
changed as the wheel rotates. The best way is to use a cylindrical magnet whose magnetic poles are 
located on the curved surface as shown in Figure 3-3. The N pole of the magnet is located on the 
curved surface of the cylindrical magnet; the S pole is located on the center of the magnet. This design 
can provide a continuous and constant adhesion force. It doesn’t require additional torque to peel the 
magnets off the ferromagnetic surface. Unfortunately, such particular magnet is difficult to find.  
In literature [76][77] as shown in Table 3-1 (1), magnetic wheel is surrounded by thin rectangular 
magnets which are magnetized along the thickness direction to provide adhesion force between the 
× 
Figure 3-3. Desirable design of the magnetic wheel  
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wheel and the surface of the ferromagnetic structure. The magnets are fixed by butyl rubber tape which 
is also used to increase the friction coefficient to avoid slippage. In this paper, the author didn’t give 
the detail about the adhesion force and friction force. In addition, the design of the magnetic wheel 
didn’t provide continuous magnetic adhesion force. As a result, it would cause vibration when the 
wheel rotates. A gap between the magnets and the ferromagnetic material existed because of the butyl 
rubber tape. This will lead to the serious decrease of the adhesion force. In literature [79], as shown in 
Table 3-1 (2), the disadvantages of the magnetic wheel design are similar with Table 3-1 (1). The 
magnetic adhesion force is not continuous and there is vibration problem. The magnets get in touch 
with the ferromagnetic material directly, this will cause the slippage. In literature [80] as shown in 
Table 3-1 (3), 112 neodymium magnets are integrated into flexible rubber to increase the friction force. 
However, rust and dirt would stick to the magnets so that it doesn’t allow the robot to climb freely on 
the severely rusty surface. The magnets are also corroded very easily. In literature [81][97] as shown in 
Table 3-1 (4), two novel designs of the magnetic wheels are presented. The advantage of these designs 
is that the size of magnetic wheel doesn’t limited by the size of the magnets anymore. Much bigger 
wheel can be produced without using big magnets. However, the elastomeric tread would also have a 
negative influence on adhesion force of the magnetic wheel and the author didn’t give the details about 
the adhesion force and friction force. In literature [75] as shown in Table 3-1 (5), a series of magnetic 
wheels were designed and basically divided into four generations. In the first two generations, tilting 
problem couldn’t be solved. In the third generation, tilting problem was solved but the number of the 
magnets and the rollers used in the wheel was reduced. This had a serious impact on the elimination of 
vibration effect. In the fourth generation, the magnetic rings of the rollers get in touch with the surface 
directly, and this will lead to a low friction coefficient on the steel surface. If any high friction material 
is used to cover the rollers, the cover would reduce the normal magnetic force. In literature [74][78], as 
shown in Table 3-1 (6), the classic design for the magnetic wheel is introduced. Two ferromagnetic 
discs are on each side of a permanent magnet ring. The magnetic flux lines pass through the 
ferromagnetic discs and the ferromagnetic ground what results in an adhesion force to keep the robot 
stay on the surface. Another advantage of this design is increasing the robustness of the magnetic wheel. 
Compared with the robot designed by Markus Eich [80], the magnet won’t be covered with rusts and 
dirt. This will protect the magnetic wheel and ensure it to work for a long time. At the meantime, the 
wheel tire made of polyurethane is also used to increase the friction coefficient of the magnetic wheel. 
In Y Zhang’s research, an improved classic design of magnetic wheel was presented as shown in Table 
3-1 (7). Compared to the magnetic wheel in study [104], the edge of the steel ring is spherical. It makes 
the wheel be able to provide bigger adhesion force than the wheel with square edge.  
A series of the magnetic wheel designs are presented in this section. They are all based on NdFeB 
magnets and ferromagnetic material. All of them have both advantages and disadvantages. Details of 
them are shown below: 
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Table 3-1 Past researches of magnetic wheels 
Sixteen small-size thin rectangular magnets 
magnetized along the thickness direction are placed 
around the wheel with alternating polarities. The 
rubber tape is used to fix the magnet array outside 
the wheel hub.  
The rimless wheel is consisted of eight spokes in 
which eight permanent magnets are equipped on 
the top of each spoke. The magnets contact with 
the steel directly to provide enough attraction 
force. 
A total of 112 neodymium magnets are integrated into 
flexible rubber of outside the wheel hub. The polarities of the 
magnets are oriented alternately to increase the adhesion 
force. Each wheel consists of two rows of magnets with a 
foam material applied in between to increase the traction 
during climbing. 
The conformal wheel: the magnets positioned 
radially with north-pole facing toward the surface.  
The flux-plate wheel: an array of magnets oriented 
parallel to the central axis of the wheel. The magnets 
are positioned with all the north poles facing one side 
of the wheel and the south poles facing the other. 
In the first generation two ring magnets as the traction magnet are 
equipped on a wheel hub. In the second generation 14 magnets are 
embedded on the wheel hub. In the third generation 12 individual 
cylindrical magnets are integrated into the omnidirectional wheel. Placing 
the magnet array between the rollers eliminated the tilting problem of the 
wheel in the previous two generations. In the fourth generation 14 magnetic 
rollers disposed in two rows. One roller is composed of two ring magnets 
with same polarities facing each other. 
The magnetic wheel composed of a central ring 
magnet (NdFeB), two ring rims (standard steel) on 
each side of the magnet, and an over molded 
synthetic rubber tire. The magnet polarization is 
axial so that the magnetic flux is closed through the 
wheel rims and the contact surface. 
(5) 
(6) 
(4) 
(3) 
(2) 
(1) 
(7) 
The wheel comprises of a permanent magnetic ring with two side 
steel rings to adhere to central hub, and a simple rubber tire. To enable 
the robot climb both plane and V-type shape surfaces, sphere edge 
design of the steel rings is adopted. 
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3.2 Double magnetic circuit wheel 
First, a double magnetic circuit wheel is presented in this section. Figure 3-4 shows the structure of 
the magnetic wheel designed and the size of each part. The magnetic wheel consists of two neodymium 
magnets and three pieces of ferromagnetic rings made of SS400 steel. The thickness of central ring is 
approximately twice as thick as the others on each side of the wheel.  
As shown in Figure 3-5, the thick steel ring is placed at the middle of the two magnets because there 
are more magnetic field lines passing through this ring than through the thin steel rings placed on each 
side of the wheel. Three steel rings are magnetized sufficiently because they contact with magnets 
directly. A double magnetic circuit is produced between the magnetic wheel and the ferromagnetic 
surface. This indicates that more magnetic field lines are conducted to pass through the steel surface 
from the magnets and return to the magnets again. The adhesion force increased 3-4 times than using 
ring magnets only. Furthermore, steel rings can avoid the magnets from corrosion because the magnets 
don’t contact with the steel surface. This design can also enhance the strength of the magnetic wheel. 
The magnets inside the wheel are shown in Figure 3-6. Table 3-2 lists the characteristic of Neodymium 
magnets used in this design. 
Figure 3-4 (a) Prototype of the magnetic wheel. (b) Size of each part of magnetic wheel 
(a) (b) 
Figure 3-5 (a) Double magnetic circuit inside the magnetic wheel. (b) More magnetic 
field lines are blocked inside the steel material than using two ring-magnets only. 
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Besides of the adhesion force, the friction force plays an important role in the robot. To negotiate 
some types of obstacles, particularly in the case of overcoming concave corners, insufficient friction 
force will lead to slippage. Steel on steel has a very small friction coefficient of μ=0.15 [106]. In order to 
increase the friction coefficient of the magnetic wheel, the magnetic wheel is covered by a layer of 
rubber tape. 
An experiment is conducted to validate the advantages of the double magnetic circuit. Three types of 
magnetic wheels are listed in Figure 3-7. First one is a magnetic wheel consisted of two ring-magnets. 
The second is a double magnetic circuit wheel without rubber tape. The third one is double magnetic 
circuit wheel covered with rubber tape. A force-measuring actuator is used to measure the adhesion 
Figure 3-6 Neodymium magnets used in the magnetic wheel. 
Figure 3-7 Three types of magnetic wheels. (a) Two ring-magnets. (b) Double magnetic circuit 
wheel. (c) Double magnetic circuit wheel with rubber tape 
(a) (b) (c) 
Actuator 
Load cell 
Magnetic wheel 
Figure 3-8 Experiment setup to measure adhesion force and static friction force. 
Table 3-2 Characteristic of Neodymium magnets used in the magnetic wheel 
Neodymium magnet 
Parameter Value 
Radius ɸ14mm 
Thickness 5mm 
Magnetic direction Horizontal 
Residual magnetic density 1200mT 
Surface magnetic density 316mT 
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force and friction force of magnetic wheels. A load cell is embedded within the actuator allowing it to 
directly measure the force being applied by the actuator’s output rod. 30 mm thick steel board is used as 
a specimen. The adhesion force is measured by pulling the wheel until it gets detached from the steel 
board surface. The maximum static friction force is measured by pulling the wheel until a slippage 
happens between the magnetic wheel and the steel board. The experiment setup is shown in Figure 3-8.  
Table 3-3 shows the testing results. According to the results, the following conclusions can be drawn:  
 Compared to the use of two ring-magnets, double magnetic circuit wheel could provide a 
considerable larger adhesion force. 
 After covered with rubber tape, double magnetic circuit wheel can provide approximately 52% 
adhesion force than without rubber tape.  
 The friction coefficient increased from about 0.15 to about 0.45 after covering with rubber tire. 
Without the rubber tape, the friction coefficient could increase from 0.15 to 0.45. On the other hand, 
the biggest disadvantage of the design is the reduction of the adhesion force. There is a gap between the 
wheel’s rim and the surface of the ferromagnetic material because of the rubber tape. This will deeply 
influence the adhesion force. A novel design should be developed to increase both the adhesion force 
and the friction coefficient. 
3.3 Single magnetic circuit with serration-shape rubber tire 
In order to solve the great reduction of adhesion force happened in the case that the wheel is covered 
with rubber tape, a novel magnetic wheel design is presented. 
The new magnetic wheel consists of two ferromagnetic rings, a Neodymium magnet ring, a wheel 
hub made of aluminum and a rubber ring as shown in Figure 3-9. Ferromagnetic rings are placed on 
each side of the neodymium magnet ring in order to produce a magnetic flux through them and the 
specimen what results in a contact force between them to keep the robot on the surface of the specimen. 
An aluminum wheel hub is used for fixing the magnetic wheel onto the output axis of the driving 
system. Compared to the magnetic wheels made of magnet and ferromagnetic disc only, the use of 
aluminum wheel hub makes the wheel lighter. In the past design, the tread of the magnetic wheel was 
totally covered with rubber tire to increase the friction coefficient. On the other hand, it has a serious 
impact on the adhesion force because of the gap between the rim of the ferromagnetic ring and the 
contact surface as illustrated in the last section. In this design, only the rim of magnet is covered with 
Table 3-3 Force measurement results 
Force measurement 
 Value 
(a) Ring-magnets only (b) Without rubber tape (c) With rubber tape 
Adhesion force(N) 21 76.6 40.1 
Friction force(N) ─ 11.5 18 
Friction coefficient ─ 0.15 0.45 
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rubber tire. The rims of ferromagnetic rings in directly contact with the surface of the material. This 
makes the magnetic flux get through the contact surface from ferromagnetic rings directly. As a result, 
a larger adhesion force can be obtained. In the rubber tire design, we decide to use the serration-shape 
design. The boundary of the rubber tire protrudes from the rim of ferromagnetic ring. When the wheel 
contacts with the surface, the serration parts of the rubber ring are compressed. As a result, the contact 
area is increased and bigger friction coefficient is obtained. The space between the magnet the rubber 
tire is stuffed with silicon gasket material which has a good capability in ductility. 
Some tests were conducted to obtain the parameters about magnetic wheel performance (weight, size, 
friction force, adhesion force). The experimental setup is shown in Figure 3-11 (a). Two types of steel 
boards were used as the specimen to obtain the comprehensive force data. One is a 3mm thick corroded 
checkered steel plate with rhombic shape; the other one is 8mm thick corroded flat steel plate. A force 
meter was used to measure friction force and adhesion force. The adhesion force is measured by pulling 
the wheel until it got detached from the steel board surface. The maximum static friction force is 
measured by pulling the wheel until a slippage happened between the magnetic wheel and the steel 
board. The magnetic wheel may be covered with dusts and iron filings when the robot moves on the 
Figure 3-9. The structure of the magnetic wheel 
(a) (b) (c) 
Figure 3-10. (a) Partial enlarged detail of the magnetic wheel. The rim of the rubber ring is about 
0.5mm higher than the rim of ferromagnetic rings. (b) Dimension of the magnetic wheel. (c) Magnetic 
field lines passing through the wheel and specimen generate strong magnetic adhesion force. 
Figure 3-11 (a) Adhesion force and friction force measurement. (b) A magnetic wheel covered with 
dirt and dust and a magnetic wheel without rubber tire. 
(a) (b) 
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steel bridge. It is necessary to measure the forces of the magnetic wheel in the case that it is covered with 
dirt and dust. The results are shown in Table 3-4 and Table 3-5.  
The biggest disadvantage of this design is the reduction of adhesion force when the wheel tilts. The 
relationship between tilting angle and adhesion force is shown in Figure 3-12. It shows that even a 
small tilting angle can cause a large reduction of adhesion force. This tilting happens when the robot 
has to move in a curve environment or negotiate an obstacle like bolts. Another disadvantage is that in 
the case of magnetic wheels attempt to negotiate external corner, adhesion force would decrease 
seriously when the wheel is in the middle of the sharp edge of the corner as Figure 3-13 shows. That is 
because the saturation effect of the magnetic field would happen at the touching point. These losses of 
adhesion force should be taken into account in the magnetic wheel design and the robot design.  
As a result, the magnetic wheel properties are listed below: 
 Considering the total weight of the robot, even in a corroded steel plate, the wheel is also able 
to provide enough adhesion force for the robot.  
 As the Table 3-4 and Table 3-5 show, magnetic wheel successfully increaes the friction 
coefficient from about 0.2-0.3 to 0.6-0.7, and the reduction of the adhesion force is only about 
15%-20%. 
 In the case of that the surface of the wheel is full of dirt and dust, the wheel can’t contact with 
the surface completely. Both the adhesion force and the friction force decreases to about 30%. 
However, they are still enough to avoid the robot falling off.  
 The magnetic wheel is only 143g weight but can even provide the adhesion force up to 53N and 
friction force up to 34N on the surface of 3mm corroded steel board. 
Table 3-4 Magnetic wheel forces measurement results on 
3mm corroded checkered steel plate 
 Adhesion force (N) 
(average value) 
Friction force (N) 
(average value) 
Wheel without rubber tire 66 16 
Wheel with rubber tire 
(clean) 
53 34 
Wheel with rubber tire 
( with iron filings) 
15 17 
 
Table 3-5 Magnetic wheel forces measurement results on 
8mm corroded flat steel plate 
 Adhesion force (N) 
(average value) 
Friction force (N) 
(average value) 
Wheel without rubber tire 52 18 
Wheel with rubber tire 
(clean) 
44 31 
Wheel with rubber tire 
( with iron filings) 
14 13 
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 The magnetic force decreases exponentially with respect to the tilting angle. 
 There would be more than 50% of adhesion force losses happened when the magnetic wheel is 
on the 90°edge of the convex corner according to the experiments. If the edge is very sharp, the 
adhesion force can even reduce to 10%. 
3.4 Double magnetic circuit wheel with serration-shape rubber tires 
  To enable the robot to move on a thin and slippery surface, magnetic wheel has to provide stronger 
adhesion force and friction force. As a result, double magnetic circuit wheel with serration-shape 
rubber tire is design as shown in Figure 3-14 (a). Double magnetic circuit wheel with two 
serration-shape rubber tires can provide stronger adhesion force and friction force. The disadvantage of 
Ferromagnetic rings
Magnet
Aluminum hub
serration-shape rubber tire
75 mm
50 mm
A AB
6 mm
26 mm
Figure 3-14 (a) Prototype of the magnetic wheel. (b) Dimension of magnetic wheel. A - the 
width of thin steel ring; B - the width of thick steel ring. 
(a) 
(b) 
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Figure 3-12 Magnetic wheel force decreases as the tilting 
angle increases 
Figure 3-13 Sharp corner has a serious 
impact on adhesion force 
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this design is relatively large mass and size.  
The wheel consists of three ferromagnetic rings, two neodymium ring-magnets, a wheel hub made of 
aluminum and two rubber tires as shown in Figure 3-14. Two of them are thin rings and the other one is 
thick ring. Two thin rings are placed on each side of the magnetic wheel and the thick one is placed in 
the middle of two magnets. An aluminum wheel hub is used for fixing the magnetic wheel onto the 
output axis of the drive system. Compared to the magnetic wheels made of magnet and ferromagnetic 
disc only, the use of aluminum wheel hub makes the wheel lighter. Ring-magnets are covered by two 
serration-shape rubber tires. The rim of the rubber tire is 0.5 mm higher than the rim of the 
ferromagnetic ring. The space between the ring-magnet and rubber tire is stuffed with silicon gasket 
material with good ductility. 
As shown in Figure 3-14 (b), the aluminum hub is 26 mm wide. The width of thin ferromagnetic ring 
is A, and the width of thick ferromagnetic ring is B. Then we have: 
𝐴 =  26 mm−𝐵
2
                                                     (3-1) 
It can be estimated that adhesion force of the magnetic wheel varies with the width of ferromagnetic 
ring A and B. In order to find out the relationship between adhesion force and the width of 
ferromagnetic ring A and B, finite element analysis model is established as shown in Figure 3-15. It 
Figure 3-15 Finite element analysis model for the simulations of magnetic field 
density distribution and adhesion force. 
Figure 3-16 Relationship of the thickness A of the steel ring and the adhesion 
force of the magnetic wheel. 
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shows the magnetic field density distribution on the surface of a steel board after the magnetic wheel is 
put on it. According to the simulation results, the relationship of A and adhesion force is shown in 
Figure 3-16. 
It is indicated that the adhesion force shows a parabolic trend as the variable A changes in the range 
from 0mm to 13 mm. As the variable A increases until approximately 2.5mm～3 mm, adhesion force is 
considered as increasing function; As variable A increases after approximately 2.5mm～3mm, adhesion 
force is considered as decreasing function. The peak value of the adhesion force appears in the case of 
that A is in the range of 2.5 mm to 3 mm. As a result, in double magnetic circuit wheel design, the 
widths of ferromagnetic rings A are set to be approximately 3 mm to obtain the biggest adhesion force. 
An experiment was implemented to get the parameters about double magnetic circuit wheel’s 
performance. The experimental setup is similar as Figure 3-7(a). Two steel boards with different 
characteristics are used as the specimen as shown in Figure 3-17. One is a 6 mm thick corroded steel 
plate; the other one is a 6 mm thick steel plate without corrosion. The measurement procedure is 
similar as Section 3.3. Finally the maximum adhesion force and friction force of double magnetic 
circuit wheel with serration-shape rubber tires are shown in Table 3-6. Compared with single magnetic 
circuit wheel, double magnetic circuit wheel has an improvement in adhesion force and friction 
coefficient. Because of the reduction of adhesion force, corroded steel has a relative small friction 
coefficient.  
This magnetic wheel is very suitable for the climbing robot that climbs on a very slippery and very 
thin ferromagnetic material. In that case, it is difficult for the robot to climb on such a surface because 
of the low adhesion force and the low friction coefficient. An experiment is conducted that a robot 
using four double magnetic circuit wheels with serration-shape rubber tires moved on the surface of 
roller shutter door successfully as shown in Figure 3-18. 
Figure 3-17 Two steel boards are used as specimen to measure. (a) Corroded steel board. (b) 
Steel board without corrosion. 
(a) (b) 
Table 3-6 Results of the force measurement  
 Steel board without corrosion Steel board with corrosion 
Adhesion force(N) 206 154.6 
Friction force (N) 154.2 104.2 
Friction coefficient 0.75 0.69 
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3.5 Multi-magnet double magnetic circuit wheel 
In Section 3.4, the adoption of ring-magnets enables the magnetic wheel to provide a stable and 
constant magnetic field as the wheel rotates. However, the most serious disadvantage is that the 
dimension of the magnetic wheel is limited by the size of ring-magnets. In Japan, the price of 
ring-magnet in big size is very expensive. In this section, we designed an alternative magnetic wheel 
named multi-magnet double magnetic circuit wheel to overcome this problem. 
Figure 3-18 Climbing robot using four double magnetic circuit wheels with serration-shape 
rubber tires climbs on the roller shutter door 
6 mm
26 mm
5 mm
75 mm
50 mm
Figure 3-19 (a) Prototype of the magnetic wheel. (b) Dimension of magnetic wheel 
(a) 
(b) 
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Figure 3-19 shows the alternative wheel design. Instead of using two ring-magnets only, a series of 
small cylindrical shape magnets are embedded into the magnetic wheel. 30 cylindrical magnets with 
the diameter of 50mm and height of 60mm are used. The wheel consists of three ferromagnetic rings, 
30 cylindrical magnets, a wheel hub made of aluminum and two rubber tires. Two thin ferromagnetic 
rings are placed on each side of the magnetic wheel and the thick one is placed in the middle of two 
magnets. An aluminum wheel hub is used for fixing the magnetic wheel onto the output axis of the 
drive system and making the wheel lighter. Ring-magnets are covered with two serration-shape rubber 
tires. The rim of the rubber tire is 0.5 mm high than the rim of the ferromagnetic ring. The space 
between the ring-magnet and rubber tire is stuffed with silicon gasket material which has a good 
capability in ductility. The advantage of this design is that the size of the wheel doesn’t depend on the 
size of the magnet anymore. A bigger magnetic wheel is able to be produced without using bigger and 
heavier magnetic rings. 
Figure 3-20 shows the simulation of magnetic field density distribution. Compared to Figure 3- 15, 
multi-magnet wheel shows an unsymmetrical distribution of magnetic field density on the surface of 
steel board. Because the magnetic field is not equally distributed across the magnetic wheel, as the 
magnetic wheel rotates, the magnetic field density on the surface of steel board will periodically 
change and the adhesion force will fluctuate in a certain range. There are two arrangement modes of the 
cylindrical magnets. One of them is that the magnets are placed in parallel rows, as shown in Figure 
Figure 3-20 Finite element analysis model for the simulations of magnetic field density 
distribution and adhesion force. 
(a) (b) 
Figure 3-21 (a) Magnets are placed in parallel rows. (b) Magnets are placed at a regular 
interval. 
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3-21 (a); the other one is that the magnets are placed at a regular interval, as shown in Figure 3-21 (b). 
In the case that the magnets are placed in parallel rows, the adhesion force reaches to the peak value 
as the magnetic wheel rotates to the position shown in Figure 3- 22 (a); The valley value appears on the 
position shown in Figure 3-22 (b). In the case that the magnets are placed at a regular interval, the 
(a) (b) 
𝑭𝒎𝒎𝒎 𝑭𝒎𝒎𝒎 
Figure 3-22 (a) Adhesion force is mainly provided by two magnets. (b) Adhesion force is 
mainly provided by one magnet. 
𝑭𝒎𝒎𝒎 𝑭𝒎𝒎𝒎 
Figure 3-23 (a) Adhesion force is mainly provided by two magnets. (b) Adhesion force is 
mainly provided by one magnet. 
(a) (b) 
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Figure 3-24 Changes of adhesion force in two cases as the wheels rotate. 
Wheel with parallel magnets 
Wheel with interval magnets 
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adhesion force reaches to the peak value as the magnetic wheel rotates to the position shown in Figure 
3- 23 (a); The valley value appears on the position shown in Figure 3-23 (b). The relationship of 
adhesion force and wheel displacement is shown in Figure 3-24. From Figure 3-24 we can know that in 
the case of parallel magnets, there is a wide fluctuation of adhesion force. The peak value and the 
valley value are 320.1N and 244.4N respectively. In the case of interval magnets, adhesion force almost 
keeps relatively stable. The peak value and the valley value are 251.6N and 250N respectively. 
3.6 Summary  
In this chapter, a series of magnetic wheels are developed. The past researches about the magnetic 
wheel are reviewed. The biggest challenge of magnetic wheel design is how to keep the wheel 
lightweight but also can provide enough adhesion force and friction force. The classic design is using 
steel rings to conduct the magnetic field lines from the permanent magnet to the specimen. As a result, 
a magnetic circuit is produced and bigger adhesion force can be provided. To increase friction force, 
rubber tape is used to cover the tread of the magnetic wheel to increase friction coefficient. However, 
because of the rubber tape, there is a gap between magnetic wheel and the specimen. As a result, as the 
increase of friction force the adhesion force decreased seriously. In order to solve this problem, a novel 
design of magnetic wheel is presented. Instead of covering the tread of the wheel with rubber tape, only 
the rim of the magnet is covered with serration-shape rubber tires. The rim of rubber tire is 0.5 mm 
higher than the rim of magnetic wheel. Magnetic flux lines pass through the contact surface from 
ferromagnetic rings directly. As a result, a larger adhesion force can be obtained. In the rubber tire 
design, serration shape design is adopted. The boundary of the rubber tire protrudes from the rim of 
ferromagnetic ring. The rim of the rubber tire is 0.5mm higher than the rim of the wheel. Once the 
wheel contacts with the ferromagnetic surface, the serration parts of the rubber ring are compressed and 
the contact area is enlarged. As a result, a bigger friction coefficient can be obtained. The space 
between the magnet and the rubber tire is stuffed with silicon gasket material which has a good 
capability in ductility. 
Besides single magnetic circuit wheel, we also designed two double magnetic circuit wheels. 
Compared with single magnetic circuit wheel, these wheels are able to provide bigger adhesion force 
and friction force. The disadvantage is that they are little heavier than single magnetic circuit wheel. 
Finally, a multi-magnet double magnetic circuit wheel is developed. The dimension of magnetic wheel 
is always limited by the dimension of ring-magnet. In order to get rid of this limitation, an array of 
small cylindrical magnets is used to replace ring-magnet. The disadvantage of this design is that 
magnetic field distribution and the adhesion force are not constant but periodically changing. 
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Chapter 4 CLIMBING ROBOTS DESIGN 
The inspection robots are often adopted in the situation that the inspecting place can’t be reached by 
inspectors where the direct access of human is too danger or too expensive such as high altitudes, high 
temperatures, high pressures, radiation and so on. Therefore, the ability of access to these hazardous 
environments is taken into account in the development of the inspection robot. The final goal of this 
research is to develop a low-cost inspection robot which is able to inspect steel bridge automatically. 
Inspectors no longer need to approach to bridge but can also obtain the inspection result in real-time. 
The robot is required to have these abilities: 
 It can be easily manipulated by the inspectors. 
 It is able to climb the ferromagnetic walls and move on the surface of the steel bridge freely 
without any redundant protective device. 
 It is able to overcome variety of obstacles on the steel bridge. 
 It has the ability to carrying electronic device, sensors and camera for inspection. 
This section mainly presents three generations of climbing robots with magnetic wheels which can 
move on the surface of steel bridge. The locomotion concept is based on the magnetic wheel units 
introduced in Chapter three. All the robots have the main advantages of being compact, lightweight, 
good manoeuvrability and simple mechanical structure. Steel bridges are large in size and have 
relatively complex structures including box beams, riveted construction, lacing bars, tight clearances 
between members and so on. High level of surface complexity makes the steel bridges difficult to be 
inspected. The robot is required that it is not only able to move on vertical walls and inverted walls but 
also able to pass complex obstacles such as bolts, 90 degree convex and concave corners with almost 
any inclination regarding gravity.  
4.1 The first generation climbing robot 
 
Figure 4-1. Prototype of the first generation climbing robot. 
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First generation of climbing robot is developed as shown in Figure 4-1. The robot consists of 
bodywork made of hard plastic and alloys, radio control system, 7V battery, steering system, shock 
absorber, gear box and two motors. Four double magnetic circuit wheels with rubber tapes are used. 
The robot is Tele-operated by the inspector using 35MHz wireless control transmitter. Wireless control 
receiver is equipped on the robot. Two powerful brushed motors are controlled by PWM signals from 
wireless control transmitter. Every two wheels are actuated by one brushed DC motor coupled to a 
gearhead with a reduction ratio 18:1 for a resulting maximum speed of 0.9m/s. Motors and gear boxes 
are mounted at front part and rear part of the robot, steering system, shock absorber and four magnetic 
wheels are also included. The robot making use of double magnetic circuit has the ability to move on 
vertical surface and to negotiate steps. Some experiments are implemented to validate the robot’s 
locomotion ability. Table 4-1 gives the detailed characters of the robot. 
 
 
Table 4-1. Main characteristics of the first generation robot 
 
DOF 5 
Quantity of motors 3 
Robot size 400mm×300mm×135mm 
Weight 2.85Kg (without battery) 
Wheel base 270mm 
Drive mode Four-wheel drive by two motors 
Maximum speed 0.9m/s 
Materials Hard plastic, aluminum alloys 
Figure 4-2. Locomotion on a vertical surface 
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As stated above, the first generation of climbing robot has the advantages of compact, lightweight, 
high speed and good maneuverability. Making use of double magnetic circuit wheel with rubber tapes, 
the robot has the ability of moving on vertical surface, overcoming steps, and negotiating internal 
corners-moving from ground to vertical surface as shown in Figure 4-2, Figure 4-3, Figure 4-4. Due to 
the complex structure of the steel bridge, the robot should have the ability to overcome obstacles on the 
steel bridge such as welds complex steps and metallic bolts. Basically, this robot is lack of the 
capability of twisting. It leads to a poor ability of moving on an uneven surface, especially negotiating 
obstacles like bolts. 
4.2 The second generation of climbing robot 
In order to improve the ability of negotiating obstacles like bolts and complex steps, the second 
generation of the climbing robot is developed. 
The second generation climbing robot has the advantages of being compact, durable, and simple 
mechanical structure. Four double magnetic circuit wheels with rubber tapes are used. Compared to the 
first generation which are made of hard plastic and alloys, the second generation of the robot is totally 
made of alloys. This makes the robot more robust and durable. On the other hand, it is heavier than the 
first generation. The robot is mainly divided into two parts- front axle and rear axle. These two parts 
are connected by four shock absorbers and sway bars which enable the robot to negotiate steps and 
bolts. As same as the first generation, it contains five degrees of freedom. It is not only able to climb 
vertical walls and follow circumferential paths but also able to negotiate steps or bolts on the steel 
Figure 4-3. Negotiating steps 
Figure 4-4. Locomotion from ground to vertical surface. 
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bridge. The prototype of the robot is shown in Figure 4-5. The robot consists of the bodywork made of 
alloy and carbon plates. There are two powerful brushed DC motors controlled by two commercial 
ESC (electronic speed control) units which are Tele-operated by a commercial 2.4GHz wireless 
communication unit by PWM signals. Every two wheels are actuated by one brushed DC motor 
coupled to a gearhead with a reduction ratio 147:1 for a resulting maximum speed of 0.35m/s. Steering 
system, shock absorbers and four magnetic wheels are included in the design. The robot itself is 
Tele-operated by the inspector using commercial 2.4GHz wireless communication unit which consists 
of transmitter held by the inspector and receiver equipped on the robot. Table 4-2 summarizes the basic 
parameters of the robot.  
   
 
     
 
 
 
 
 
  
 
DOF 5 
Quantity of motors 3 
Robot size 400mm×320mm×185mm 
Weight 3.8Kg (without battery) 
Wheel base 317mm 
Drive mode Four-wheel drive by two motors 
Maximum speed 0.35m/s 
Materials Aluminum alloys 
Table 4-2. Main characteristics of the second generation robot 
Figure 4-6. Locomotion from ground to vertical surface. 
Magnetic wheels 
Absorbers 
Motors 
Figure 4-5. Prototype of the second generation climbing robot. 
Sway bars 
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Compared to the first generation, the second generation has improved the ability of twisting when 
negotiating steps and bolts. As shown in the Figure 4-9, the front axle inclines as it attempts to 
negotiate the bolt, but the rear axle keeps horizontal. In the same way, the rear axle inclines when 
negotiating bolts, at this time, the front axle keeps horizontal. As we know, the tilt of magnetic wheel 
will lead to the reduction of adhesion force. This design ensures that adhesion force won’t decrease 
seriously when negotiating steps or bolts. 
4.3 The third generation of climbing robot 
4.3.1 Robot design 
A compact robot with four single magnetic circuit wheels with serration-shape rubber tires which is 
used to inspect complex-shaped ferromagnetic infrastructures is designed. The locomotion concept is 
based on adapted lightweight magnetic wheel which developed in Chapter 3 with relatively high 
Figure 4-7. Locomotion from vertical surface to inverted horizontal surface. 
Figure 4-8. Negotiating steps. 
Figure 4-9. Negotiating bolts. 
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attractive force and friction force. The robot has the main advantages of being compact (352×215×155 
mm), lightweight (2.38Kg without battery), and simple mechanical structure. It features only four 
active degrees of freedom (front wheel and rear wheel and an active servo actuator in the linkage 
system and a steering unit) and two passive degrees of freedom. It is not only able to climb vertical 
walls and inverted surfaces but also able to pass complex combinations of 90-deg convex and concave 
ferromagnetic corners with almost any inclination regarding gravity. By using a servo as an actuator, a 
control system is developed to control the degree of crook of the robot enabling the robot to overcome 
convex corners without slippage.  
The prototype of the robot is shown in Figure 4-10. The robot consists of the bodywork made of 
alloy and carbon plates. There are two powerful brushed DC motors controlled by two commercial 
ESC (electronic speed control) units which are Tele-operated by a commercial 2.4GHz wireless 
communication unit which consists of transmitter held by the inspector and receiver equipped on the 
robot. Every two wheels are actuated by one brushed DC motor coupled to a gearhead with a reduction 
ratio 44:1. The maximum moving speed of the robot can reach to 0.32m/s. Motors and gear boxes are 
mounted in front axle and rear axle of the robot. Steering system, shock absorber and four magnetic 
wheels are also included. The robot itself is Tele-operated by the inspector using commercial 2.4GHz 
wireless communication unit. A FPGA evaluation board as a controller is used to actuate the servo 
actuator in the linkage system by PWM signals and it also would be used as a microcontroller unit for 
sensing system in the further work. Table 4-3 summarizes the basic parameters of the robot. 
Figure 4-10. (a) 3D modeling of the climbing robot. (1) Magnetic wheel (2) Gear box (3) Steering 
servo (4) Electronic device (5) Joint servo (6) Absorber (7) Motor (8) Electronic speed controller (9) 
Sway bar. (b) The photograph of the climbing robot. 
(a) (b) 
(1)
(2)
(3)
(4) (5)
(6)
(7)
(8)
(9)
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4.3.2 Drive system 
The driving system is in charge of providing power to rotate the wheels and move the robot. The 
motors have to be strong enough to drive the robot in any situation. In this research, drive system 
consists of the motor, gearbox, output shaft, housing and bearings. The primary design considerations 
of the drive system are torque output, speed output, weight, robustness.  
Necessary motor torque is calculated by comprehensively considering the weight of a robot, 
expected payload, the wheel radius and safety factor. The worst case determining the maximum 
continuous torque on the wheels happens at the moment when the front wheels of the robot tries to 
negotiate the concave corners from ground to vertical surface. At that time, as touching the vertical 
surface, two front magnetic wheels are still attracted to the ground. It will lead to a big adhesion force 
to the magnetic wheels which need to be overcome to lift the wheels up. To increase the output axial 
torque, high gear ratio is needed. In that way, gearbox design would be more complicated and the 
power consumption would be increased. In some literatures, there are several methods proposed to 
solve this problem such as the active wheel lifter or the wheel in wheel system [78][107]. However, 
these designs bring extra degree of freedom and increase the complexity of the system. 
Figure 4-11. 2D modeling of the climbing robot - size, front view and the side view 
352mm
215mm
155mm
Table 4-3. Main characteristics of the third generation robot 
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The motor is placed parallel to the axial of the wheels. In this configuration, the robot can be 
designed into the smallest in height and length. In some other researches, one motor is in charge of 
driving one wheel only. That means steering system can be eliminated and the steering is accomplished 
by driving the two wheels in different speed. However, in that case, for a four-wheeled system, four 
motors are needed. It has a seriously impact on the lightweight characterization of the robot, and it also 
increase the mechanical complexity of the robot. Power consumption would also be increased. 
Furthermore, considering that magnetic wheels adhere to the ferromagnetic material tightly, precise 
speed control of the magnetic wheels is needed as the robot makes a turn. As a result, on the premise 
that sufficient output torque can be provided, front wheels and rear wheels are driven by two DC 
motors respectively.  
Two commercial brushed DC motors as shown in Figure 4-12 (b) are adopted because of its low cost, 
high torque, high reliability, and simple speed control. The average current consumption of the motor is 
0.47A without any load in the case that power supply is 7.2V. At that time, the speed of the motor is 
3660rpm. According to the experiment of testing the torque output of the motor, we can see that the 
biggest torque output of the motor is 0.062N·m. Figure 4-12 (a) shows the structure of the gearbox 
which is consisted of four spur gears whose modulus is 0.6. The power from the motor is transmitted to 
the output shaft at the total gear ratio of 1:44 through a pinion equipped on the shaft of the motor. As a 
result, the theoretical torque on the output shaft is 2.73 N·m. The parameters of spur gears used in drive 
system are presented in Table 4-4. 
 
Figure 4-12. (a) The structure of the gear box. (b) The prototype of the brushed motor. 
(a) (b) 
 Pinion  Spur gear 1# Spur gear 2# Spur gear3# 
Gear module 0.6 0.6 0.6 0.6 
Diameter 7.8mm 26.4mm/9.6mm 25.2mm/8.4mm 30mm 
Width 6.2mm 3.55mm/5mm 3.55mm/5mm 4mm 
Number of teeth 11 42/14 40/12 48 
 
Table 4-4. Characteristics of the gear box 
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4.3.3 Steering system 
For wheeled climbing robot systems, three types of steering method are mainly applied. These are 
ackermann steering, differential wheeled steering and omnidirectional steering.  
Differential wheeled steering robot is the mobile robot whose movement is based on two separately 
driving wheels placed on each side of the robot body. The robot changes its direction by varying the 
relative rate of rotation of its wheels. It doesn’t require an additional steering system. In some cases, in 
order to balance the robot, an additional wheel or caster may be used. This type of steering method is 
widely used in wheeled robot design because of its simply mechanical design. Generally, this type of 
steering system is always adopted in two wheeled robots but it is difficult to be used for four wheeled 
robot. In literature [80], two wheeled robots are developed with the differential wheeled steering 
method. In literature [108], the author developed a four wheel-drive climbing robot with a 
roll-yaw-bow linkage connecting the front and rear modules and presented a simple, low-level, 
leader-follower controller that permits the rear module to follow the front module. In application of the 
linkage and PID controller, this four wheeled climbing robot is also able to make a turn by using 
differential wheeled steering method. However, any slippage will bring in the calculation error and it 
hasn’t been validated in the field experiment.  
Omnidirectional steering makes use of Omni wheels which has small discs around the circumference 
perpendicular to the turning direction. The wheels can be driven with full force, but will also slide 
laterally with great ease. Three Omni wheels in a triangular configuration are generally called Kiwi 
drive. It is often used in small autonomous robots in intelligent robots research in order to make the 
robot have the ability to move in all directions. Omni wheels are also sometimes employed as powered 
casters for differential drive robots to make turning faster. However, this design is not commonly used 
as it leads to fish tailing. In literature [75], an Omni-directional magnetic wheeled climbing robot with 
three Omni wheels in a triangular configuration is presented. 
In this paper, ackerman steering system is adopted. The ackerman steering system can be applied to 
all vehicles (two or four wheel drive) to enable correct turning angle of the steering wheels to be 
generated when negotiating a corner or a curve. This steering method is used to avoid the wheels 
slipping sideways when following the path around a curve. As shown in Figure 4-13, a digital servo is 
fixed on the front axial. Radius arm is in charge of transmitting the torque from digital servo to track 
rod. In order to negotiate 90-deg concave corner, the track rod can’t protrude out of the rim of magnetic 
wheels. In order to overcome turning resistance, steering servo is required to provide enough torque. In 
Figure 4-13. Steering system of the robot. It consists of (1) radius arm, (2) steering servo, (3) 
track rod, (4) steering swivels, (5) servo arm. The maximum steering angle is 45° for this system.  
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this research, the steering servo is able to provide torque up to 1.96N·m. 
4.3.4 Bending system with an active-passive compliant joint 
In the case of keeping the dimension of wheel size and wheel base in constant, in order to enable the 
robot to negotiate 90°convex corner，a curved shape should be used as the linkage part. As Figure 4-14 
shows, the distance from the ground to the bottom of the chassis is at least 101 mm. It seriously 
constrains the robot body design. On the other hand, reducing the wheel base would seriously influence 
the robot with adequate pitch flexibility. When the robot attempts to negotiate a big bolt on one side of 
the front axle, the wheel of the rear axle on the same side may lose surface contact duo to the lack of 
pitch flexibility. To solve this problem, the robot is divided into two modules- front axle module and 
rear axle module. A compliant joint used as a linkage makes the mechanical connection between two 
modules.  
In the past researches, similar connecting joints for different modules are designed. In literature 
[76][77], a flexible compliant beam made of spring steel and a spring were used to combine the front 
module and the rear module. With this kind of passive compliant joint, the robot has the ability of 
bending and twisting to negotiate external corners or other kinds of obstacles. On the other hand, it 
isn’t able to transfer push and pull force from the rear axle to the front axle to help the robot negotiate 
obstacles. In literature [62], the active compliant joint and the passive joint are used in combination to 
deal with complicated obstacles. However, too many degrees of freedom may make the control system 
overly complex and limit the force transmitting between compliant joints. In literature [81][97], the 
Figure 4-15. Experiment setup to measure the resistance force when 
the rear wheels rotate forward 
Ø6mm
280mm
101mm
Figure 4-14. Mathematical model of negotiating convex corner in 
the case of curved shape linkage used 
ɸ60  
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author gave some kinds of linkage design but didn’t give any experimental validation. 
A servo is used as a compliant joint for adjusting the wheel base. Unlike other climbing robots, this 
robot has to ensure that front wheels and rear wheels contact with the ferromagnetic surface all the time. 
Considering the resistance force of the gear box and the friction force of the magnetic wheel, it is 
impossible to drive the servo to overcome the resistance force of the motor and gear box to bend the 
robot’s body actively. Figure 4-15 shows an experimental set-up: The rear axle was put on a steel board 
6mm in thickness. A force meter pulls the rear axle to make it roll forward in a constant speed. 
Consequently, the force meter shows the result which is considered to be the horizontal component of 
𝐹𝑡 in Figure 4-16 is 38.3N. Based on the geometrical relationship in Figure 4-16, the torque of the 
servo must to reach to 154N·m. It is impossible to find out a servo with such high torque and compact 
size. 
To solve this problem, the best way is transform the servo from an active compliant joint into a 
passive compliant joint when the joint rotates. The robot can bend its body by driving the rear wheel to 
move forward and keep the front wheel still. After negotiating the convex corner and recovering its 
body’s shape, the servo is able to come back to active compliant joint again. As a result, the compliant 
joint must to have these properties: It must be able to transfer the compressive and tension force 
between the front axle module and rear axle module. Then the robot is able to overcome obstacles 
which are difficult for any one module only; It can be controlled to lose torque output and transform 
into a passive joint; The shaft of the servo can be rotated by moving rear axle and keeping the front 
axle still; As the servo’s shaft turns to the specified angle, the servo can output torque immediately to 
position the shaft at that angle.  
Figure 4-17 shows the schematic of servo output controller working process. As the shaft rotates by 
Figure 4-16. Kinematic modeling of the compliant joint 
Figure 4-17. Schematic of the servo output controller 
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moving the rear wheels forward, an AD converter ADC128S022 is used to collect the angle signal from 
the potentiometer of the servo in real time. At the same time, the expected angle signal from the 
transmitter is sent to FPGA by wireless receiver. FPGA compares the two angle signals in real time. At 
the time when the angle signal from the transmitter equals to the angle signal from potentiometer of 
servo, the servo starts to output torque to lock the angle position of the shaft. Figure 4-18 shows the 
robot’s prototype at extreme bending moment. The wheel base is able to be shortened from 280mm to 
170mm by rotating the shaft of the servo. The range of rotation angle set by wireless transmitter is 
about 0°～75°.  
Figure 4-19. Process of the robot negotiating 90 degree convex corner. (a) Robot body keeps 
straight. (b) Robot is bent until the specific angle by moving rear wheels forward. (c) Robot 
negotiates the corner. (d) Rear wheels moves backward (e) Robot body keeps straight again. 
(a) (b) (c) 
(d) (e) 
Figure 4-18. (a) Dimension of the robot after transformation (b) Prototype of the 
robot after transformation 
(a) 
(b) 
280mm
155mm
170mm
195mm
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The process of passing an 90 degree convex corner is shown in Figure 4-19: The servo as an active 
compliant joint maintains the angular position of the output shaft to keep the robot’s body straight; The 
transmitter controller transmits the bending angle signal to the robot; The servo loses of torque output 
and becomes a passive compliant joint; The front wheel keeps still and rear magnetic wheels move 
forward, and the wheel base is shortened as the body bends; The servo becomes an active joint again 
and starts to output torque to maintain the angular position at the time that the servo turns to the angle 
that the transmitter specified; both the front and the rear wheels move forward to negotiate the external 
corner; The transmitter controller transmits the angle signal to the robot again; The servo loses output 
torque again and front wheel moves forwards and the rear wheel keeps still; Both the front and the rear 
wheels move forward.  
4.3.5 Twisting and suspension system 
On the surface of the steel bridge, steps and bolts are the most common obstacles. The robot is 
required to have the capability of negotiating these types of obstacles. As a result, twisting and 
suspension system are developed. To move on the uneven surfaces, both front axle and rear axle need a 
limited range DOF (degree of freedom) of twisting. Meanwhile the robot needs good soft but not stiff 
suspension. Four sway bars are used for connecting the rear axle to the robot’s body. Two of them are 
curved bar and the others are straight bar. In the ends of sway bar linkage ball joints are used to enable 
it to twist. Two absorbers are also used to support the suspension system. In the case of that front axle 
attempts to negotiate an obstacle, looking from the back, as Figure 4-20 (a) shows, the left absorber is 
compressed to enable the robot twists but on the other side the right absorber keeps the length still. As a 
result, the rear axle can be kept horizontal. Figure 4-20 (b) shows the maximum height that the front 
wheel can pass over is 7.5cm in theory. 𝜃 represents the tilt angle of the magnetic wheel, as a result, 
the range of 𝜃 is about from 0° to 22°.  
4.3.6 Kinematic modeling and calculation 
The analysis of the robot is performed for the evaluation of the detail design. The ranges of required 
adhesion force are determined by static analysis. The move of the robot is slow so that the dynamic 
effect is ignored. In this part, mathematical modeling and calculation are developed to describe the 
obstacle negotiation problem. The purpose of this section is calculating the necessary adhesion force, 
friction force and the necessary torques that the motor and servos need to provide; validating the 
Figure 4-20. (a) Prototype of the suspension system (b) The highest obstacle to be 
negotiated is 7.5cm in theory 
(a) (b) 
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feasibility and the effectiveness of the magnetic wheel, motors and the servos. Typical obstacles and 
hazards for wheeled climbing robot includes vertical surface moving, inverted horizontal surface 
moving, convex corner transition and concave corner transition.  
(1) Adhesion force and friction coefficient of magnetic wheel. 
A. Move from horizontal surface to vertical surface 
mg:    Gravity of the robot; 
 𝐹𝑚𝑚𝑚:  Adhesion force of a magnetic wheel; 
 𝐹𝑓:    Friction force between the surface and the one magnetic wheel; 
 F:     Driving force of one axle; 
 µ:     Friction coefficient. 
Considering approximately that gravity is only located on two axles, the force equilibrium is set up 
and shown in Figure 4-21. F represents the driving force of one axle. To enable the robot to climb on 
the vertical wall, the friction force 𝐹𝑓 must be big enough to overcome adhesion force 𝐹𝑚𝑚𝑚; Then 
we have 
µ�𝐹 + 𝐹 + 2𝐹𝑚𝑚𝑚� ≥ 𝑚𝑚2 + 2𝐹𝑚𝑚𝑚                                  (4-1)  
The motors also have to provide enough torque to the magnetic wheels to make it rotates. 
Furthermore, each of magnetic wheels must to avoid slippage. As a result, the equations can be gotten 
as follow:  
     𝐹 ≤ 𝜇 �𝑚𝑚
2
+ 2𝐹𝑚𝑚𝑚�                                              (4-2) 
According to equations (4-1) and (4-2), As a result, in order to move to the vertical surface, 𝐹𝑚𝑚𝑚 
and 𝜇 should satisfy that 
 𝜇 �𝑚𝑚
2
+ 2𝐹𝑚𝑚𝑚� ≥ 𝐹 ≥ 1−𝜇𝜇 𝐹𝑚𝑚𝑚 + 𝑚𝑚4𝜇                                (4-3) 
Figure 4-21 Force analysis of the move from horizontal to vertical  
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B. Vertical surface move 
Considering approximately that gravity is only located on two axles, the force analysis is set up and 
shown in Figure 4-22. In the case that the robot moves on a vertical surface, it has to be guaranteed that 
friction force is bigger than gravity of the robot. The equation can be gotten as follow:          4𝜇𝐹𝑚𝑚𝑚 ≥ mg                                                  (4-4) 
Each of magnetic wheels must to avoid slippage. The equations can be gotten as follow: 
  2𝜇𝐹𝑚𝑚𝑚 ≥ 𝐹                                                   (4-5) 
As a result, in order to move on the vertical surface, 𝐹𝑚𝑚𝑚 and 𝜇 should satisfy that 
 𝐹 ≤ 2𝜇𝐹𝑚𝑚𝑚   𝐹𝑚𝑚𝑚 ≥ 𝑚𝑚4𝜇                                    (4-6) 
C. Move from vertical surface to inverted horizontal surface 
Considering approximately that gravity is only located on two axles. The force analysis is set up and 
shown in Figure 4-23. In order to move to inverted horizontal surface, front wheels have to overcome 
the adhesion force from vertical wall. mg and 𝐹𝑚𝑚𝑚 are opposite in direction. As a result, friction force 
of the front wheel becomes smaller. To enable the robot to move on inverted horizontal surface, the 
friction force 𝐹𝑓 has to be big enough to overcome adhesion force 𝐹𝑚𝑚𝑚. Then we have 
𝜇�𝐹 + 𝐹 + 2𝐹𝑚𝑚𝑚 − 𝑚𝑔� ≥ 2𝐹𝑚𝑚𝑚                                 (4-7) 
Each of magnetic wheels must to avoid slippage. The equations can be gotten as follow: F ≤ 2𝜇𝐹𝑚𝑚𝑚                                                      (4-8) 
Figure 4-22. Force equilibrium of the move on vertical surface. 
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According to the equations (4-7) (4-8), in order to move to inverted horizontal surface, 𝐹𝑚𝑚𝑚 and 𝜇 
should satisfy that 
 2µ𝐹𝑚𝑚𝑚 ≥ 𝐹 ≥
1−𝜇
𝜇
𝐹𝑚𝑚𝑚 + 𝑚𝑚2                                       (4-9) 
D. Inverted horizontal surface move 
As shown in Figure 4-24, in this case, we should guarantee that each magnetic wheel has to avoid 
slippage and the robot doesn’t fall down. As a result, the equations can be gotten as follow  4𝐹𝑚𝑚𝑚 ≥ 𝑚𝑔                                                     (4-10) 
𝜇 �2𝐹𝑚𝑚𝑚 − 𝑚𝑚2 � ≥F                                              (4-11) 
As a result, in order to move on the vertical surface, 𝐹𝑚𝑚𝑚 and 𝜇 should satisfy that 
 𝐹 ≤ 𝜇 �2𝐹𝑚𝑚𝑚 − 𝑚𝑚2 �    𝐹𝑚𝑚𝑚 ≥ 𝑚𝑚4                              (4-12) 
Figure 4-23. Force analysis of the move from vertical surface to 
inverted horizontal surface. 
Figure 4-24. Force analysis of the move on inverted horizontal surface. 
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E. Move from inverted horizontal surface to vertical surface 
  Considering approximately that gravity is only located on two axles. As shown in Figure 4-25, to 
enable the robot to move to the vertical surface, the friction force 𝐹𝑓 and gravity mg have to overcome 
adhesion force 𝐹𝑚𝑚𝑚. Then we have 
           𝜇�2𝐹𝑚𝑚𝑚 + 2𝐹� ≥ 2𝐹𝑚𝑚𝑚 − 𝑚𝑚2                                        (4-13) 
Each magnetic wheel has to avoid slippage, and the robot has to be guaranteed to avoid falling down. 
Then we have: 
�
𝜇 �2𝐹𝑚𝑚𝑚 − 𝑚𝑚2 � ≥ 𝐹
𝐹𝑚𝑎𝑔 ≥
𝑚𝑔4                                                (4-14) 
According to the equations (4-13) and (4-14), in order to move to the vertical surface, 𝐹𝑚𝑚𝑚 and 𝜇 
should satisfy that 
�
𝜇 �2𝐹𝑚𝑚𝑚 − 𝑚𝑚2 � ≥ 𝐹 ≥ 1−𝜇𝜇 𝐹𝑚𝑚𝑚 − 𝑚𝑚4𝜇
𝐹𝑚𝑚𝑚 ≥
𝑚𝑚
4
                              (4-15) 
F. Move from vertical surface to horizontal surface 
According to the similar analysis, the equations can be gotten as follow: 
𝜇�𝑚𝑔 + 2𝐹 + 2𝐹𝑚𝑚𝑚� ≥ 2𝐹𝑚𝑚𝑚                                  (4-16)  𝐹 ≤ 2𝜇𝐹𝑚𝑚𝑚                                                  (4-17)   
Figure 4-25. Force equilibrium of the move from inverted horizontal 
surface to vertical surface. 
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 According to equations (4-16), (4-17), we can have 
 2µ𝐹𝑚𝑚𝑚 ≥ 𝐹 ≥
1−𝜇
𝜇
𝐹𝑚𝑚𝑚 −
𝑚𝑚
2
                                      (4-18) 
G. Move on an external corner 
Considering approximately that gravity is only located on two axles. As shown in Figure 4-27, to 
enable the robot to negotiate the convex corner, the adhesion force F𝑚𝑚𝑚′  has to satisfy 
 2𝐹𝑚𝑚𝑚′ ≥ 𝑚𝑚2                                                  (4-19) 
As validated in the last chapter, the adhesion force of the magnetic wheel 𝐹𝑚𝑚𝑚′ will decrease seriously 
when it negotiates the convex corner. 𝐹𝑚𝑚𝑚′  is required that  
Figure 4-27. Force analysis of the move on convex corner. 
Figure 4-26. Force analysis of the move from vertical surface to horizontal surface. 
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𝐹𝑚𝑚𝑚′ ≥
𝑚𝑚
4
                                                  (4-21)  
  In conclusion, according to equation (4-3), (4-6), (4-9), (4-12), (4-15), (4-18), (4-21), the range of 
driving force F is 
 𝜇 �𝑚𝑚
2
+ 2𝐹𝑚𝑚𝑚� ≥ 𝐹 ≥ 1−𝜇𝜇 𝐹𝑚𝑚𝑚 + 𝑚𝑚2                             (4-22) 
According to the experiment results from last chapter, in the case that the robot moves on 3mm 
corroded checkered steel plate, the friction coefficient and the adhesion force of magnetic wheel are 
0.64 and 52N respectively. The driving force of one axle F calculated by equation (4-22) needs to 
satisfy that 74.18N ≥ 𝐹 ≥41.15N ; in the case that the robot moves on 8mm corroded flat steel plate, 
the friction coefficient and the adhesion force of magnetic wheel are 0.70 and 44N respectively. The 
driving force of one axle F needs to satisfy 69.93N ≥ 𝐹 ≥30.76N.  
(2) The size of the magnetic wheel and the gear ratio of driving system 
The size of the magnetic wheel is determined by the structure of the robot and the driving force 
needed. As shown in Figure 4-28(a), the distance between the track rod and the central axis is 25mm. 
To enable the robot negotiate concave corners successfully, the radius of the magnetic wheel R has to 
be bigger than 25mm. 
𝑅 > 25𝑚𝑚                                                        (4-23) 
As stated before, the theoretical largest output torque on the shaft is 2.68N·m.The relationship of 
gear ratio I, driving force F, the radius of wheel R is shown below: 
𝐹𝑅 = 𝑇 = 𝐼𝑇𝑚                                                     (4-24) 
𝑇𝑚 is the output torque of brushed motor. In the study, a gear box is designed with the gear ratio of 
44:1. The biggest torque output of the motor is 0.06N·m. As a result,  
𝑅 < 𝐼𝑇𝑚
𝐹
                                                            (4-25) 
According to the experiment results of last section 𝐹 ≥41.15N, then: 
Figure 4-28. Partial enlarged detail of the robot. (a) Distance from track rod to axial. (b) 
Torque on the wheel 
(a) (b) 
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𝑅 < 65.01𝑚𝑚                                                     (4-26) 
According to equation (4-23) and (4-26), the range of R is  
25𝑚𝑚 < 𝑅 < 65.01𝑚𝑚                                            (4-27) 
In order to obtain bigger driving force, R should be as small as possible. Finally, R is assigned to 
30mm. 
(3) The output torque of steering servo and the joint servo 
The steering system is introduced in Section 4.3.3. Track rod is in charge of turning the steering 
wheels. The steering force comes from a steering servo as shown in Figure 4-13. The resistance of the 
steering comes from the friction force between the magnetic wheels and steel bridge surface. With the 
increase of steering angle, the necessary steering force will also increase. In the limited case that 
steering angle equals to 45°, the force analysis and the geometrical relationships are shown in Figure 
4-29. F is the necessary steering force on the track rod. On the 3mm corroded checkered steel plate, F 
is measured to be 58.5N by a force meter. 𝐹𝑓 is the tensile force of the radius arm. 𝐹𝑠 is the torsion 
from servo arm.  
𝐹𝑠 = 𝐹cos45°cos 5° = 83.05𝑁                                         (4-28) 
The necessary output torque of steering servo 𝑇 is no less than 𝐹𝑠 · 1.4cm = 1.16N·m. In this 
research, the steering servo is able to provide torque up to 1.96N·m. 
As the robot overcomes concave corners, the front wheels are blocked and rear wheels try to move 
forward. As a result, as shown in Figure 4-30, a torsional load from rear wheels acts on joint servo. At 
that time, joint servo has to output enough torque against that torsional load. F is the driving force from 
rear axle. The extreme value of the output torque appears in the case that F equals to the sum of 
maximum static friction force of two rear wheels. According to the experiment results in the Section 
4.3.4, the maximum value of F is 103.88N, the necessary output torque of the joint servo is 𝑇 = 𝐹 ·5cm = 5.19N·m. As mentioned before, the maximum output torque that the joint servo can provide is 
10.78N·m. As a result, the servo is able to output enough torque for the robot. 
Figure 4-29. Force analysis and the geometrical 
relationships of steering system. 
Figure. 4-30 Force analysis and the geometrical 
relationships of bending system. 
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4.3.7 Experiment 
A. Steering and movement on flat surface. 
An experiment was implemented on a corroded steel bridge beam. The thickness of the steel is about 
20mm and it is covered with paint about 0.5mm thick. Figure 4-31 shows the robot moves on an 
inverted horizontal surface. There wasn’t any slippage happened during the move. The robot can be 
manipulated to move at the top speed up to 0.3m/s. Four magnetic wheels provide enough adhesion 
force to prevent the robot from falling off. Figure 4-32 shows the movement and steering of the robot 
on the vertical surface. The steering angle wasn’t able to reach to the maximum angle because of the 
friction force acted as a resistance force between the magnetic wheel and the surface. In this 
experiment, the steer angle of the front wheel can reach to about 30°. It is difficult to turn the front 
wheels from one side to the other side immediately during the movement. Generally, the process is that 
the front wheel turns back to the original place gradually and then starts to turn to the other side. The 
movement trails of the front wheels are shown in Figure 4-32 
B. Passing over convex and concave corner 
In this part, the experiments were implemented on the surface of the corroded steel bridge. The 
thickness of the steel covered with about 0.5mm thick paint is about 20mm. In concave corner 
Figure 4-31. Robot moves on an inverted horizontal surface 
Figure 4-32. Robot moves on a vertical surface. Red line represents the movement trail 
during the steering. 
(1) (2) 
(3) (4) 
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transition there are some challenges. During the transition, whether the friction force of the front 
wheels is big enough to overcome the adhesion force and lift the front wheels up is expected to be 
validated. In the case of that the robot moves from vertical surface to inverted horizontal surface, 
whether the front wheels have enough adhesion force to avoid falling off is also expected to be 
validated. When the front wheels and the rear wheels are on the different surfaces, their moving speeds 
are different. It indicates that during the concave corner transition, there will be slippage happened. It 
may cause the negative influence on adhesion force. In the transition from horizontal surface to vertical 
surface, the servo serves as an active joint to transmit the driving force from the rear axle to the front 
axle. Whether the servo is able to provide enough torque to avoid being bended is also expected to be 
validated.  
Figure 4-33. Robot moves from ground to vertical surface 
(1) (2) (3) 
(4) (5) 
Figure 4-34. Robot moves from vertical surface to inverted horizontal surface 
(1) (2) (3) 
(4) (5) 
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The experimental results from Figure 4-33 to Figure 4-36 show that the robot did a good job in 
concave corner transition. The experiments were repeated about ten times and they all succeeded. In 
the convex corner transition, as illustrated before, a significant reduction of the adhesion force would 
happen when the wheels move to the middle of the sharp edge. Whether the front wheels are able to 
pass the edge of convex corner successfully is the key point. Figure 4-37 and Figure 4-38 show that the 
robot succeeded in passing convex corners. 
 
 
Figure 4-35. Robot moves from inverted horizontal surface to vertical 
 
(1) (2) (3) 
(4) (5) 
Figure 4-36. Robot moves from vertical surface to ground. 
(1) (2) (3) 
(4) (5) 
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C. Negotiating obstacles (bolts and steps) 
 Most of the steel bridges have uneven surfaces. There are always some obstacles such as bolts and 
steps or other things on the surface. The ability of overcoming these types of obstacles is strongly 
required to the robot. The most important thing to overcome these obstacles is to make the robot move 
in a relatively low speed especially on a vertical surface or inverted horizontal surface. Compared with 
the flat surfaces, the inertia of the movement would oppose the adhesion force on irregular surfaces. 
Moving in a high speed may cause a separation of the magnetic wheels from surfaces of the obstacles. 
Figure 4-39, Figure 4-40 and Figure 4-41 show the process of negotiating obstacles in different 
situation. 
Figure 4-37. Robot negotiates convex corners. 
(1) (2) (3) 
(4) (5) (6) 
(1) (2) (3) (4) 
(5) (6) (7) 
Figure 4-38. Robot negotiates convex corners. 
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Figure 4-39. Robot moves on the surface of a slope in 30 degree. The diameter of the bolt is 
30mm and the height is about 18mm. The step is about 15mm high. 
(1) (2) (3) (4) (5) 
Figure 4-40. Robot negotiates steps on the vertical surface. The step is about 25mm high. 
(1) (2) (3) 
(4) (5) 
Figure 4-41. Robot negotiates 25mm high bolts on the vertical surface. 
(1) (2) (3) 
(4) (5) (6) 
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D. Verification of the performance indicators 
In addition, some experiments were accomplished on different kinds of steel bridge surface to verify 
the performance indicators of the robot including: whether the adhesion force and the friction force of 
the magnetic wheel meet the requirement of field experiments; whether the output torque on the axle is 
enough to overcome adhesion force and enable the robot negotiate concave corners; whether the joint 
servo is able to provide enough output torque to transfer push and pull force from the rear axle to the 
front axle.  
(a) Adhesion force and friction force of the magnetic wheel 
Figure 4-42 shows five different steel bridges with completely different surface situations. Some of 
them are almost without any paint and someone is corroded with paint peeling. Some of them are 
different with paint thickness. The thickness of the paint has serious influence on the adhesion force 
and friction force. Table 4-5 shows the experiment results of adhesion force and friction force in 
different surfaces of steel bridge. This implies that the payload which the robot is able to take depends 
on the surface situation of the steel bridge. In the case that the robot moves on the bridge of Figure 
4-42(b), the payload of the robot can be more than 90N. On the other hand, in the case that the robot 
moves on the bridge of 4-42(e), the payload of the robot is just about 12N. 
As a result, the surface situation of the steel bridge is the most important element to determine the 
value of adhesion force and friction force. In Figure 4-42(a), the surface of the bridge is full of peeling 
paint and dust. After one of the runs, the magnetic wheels would be covered with peeling paint and 
dust which seriously decrease the adhesion force and friction force. The possibility of falling off 
increases as the robot runs on this kind of surface for a long time. It is one of difficulties to be solved in 
the future. In Figure 4-42(b), the paint of the steel bridge has almost peeled off. The magnetic wheels 
contact with the steel directly. As a result, the adhesion force and friction force are much greater than 
that in other steel bridges. In Figure 4-42(c)(d)(e), the thickness of the paint are 0.7mm, 1.0mm and 
1.5mm respectively. As a result, the adhesion force and friction force decrease gradually as shown in 
Table 4-5. In Figure 4-42(d)(e), the robot failed to overcome some kinds of obstacles. That means for 
the steel bridges whose paint thickness is more than 1.0 mm, the adhesion force provided by magnetic 
wheels couldn’t guarantee the safety of the robot.  
Figure 4-42. Robot moves on the bridges with different surface situations. 
(a) (b) (c) (d) (e) 
Table 4-5. Adhesion force and friction force on bridge in Figure 4-42 
(Average value)     (a) (b) (c) (d) (e) 
Adhesion force 30.56N 62.25N 35.26N 28.46N 18.23N 
Friction force 18.16N 36.56N 22.56N 13.25N 8.56N 
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On the steel bridge shown in Figure 4-42(b), the robot succeeded in negotiating the horizontal 90 
degree concave corner. This bridge almost doesn’t have any paint covered with. Compared to other 
bridges in Figure 4-42, it can provide the biggest adhesion force and friction force to the robot. That 
means for any thickness of paint on the bridges, the driving system is able to provide enough driving 
force to the robot. 
 (b) Output torque of joint servo  
As the robot overcomes concave corners and convex corners, there would be a moment of that the 
front wheels are blocked and rear wheels move forward. At this time, a torsional load from rear wheels 
acts on joint servo which has to output enough torque against that torsional load. In the case of 
overcoming horizontal 90 degree concave corners, according to the force analysis shown in Figure 4-21, 
the biggest output torque of the joint servo is needed. The robot was on the surface of bridge shown in 
Figure 4-42(b) which has the biggest adhesion force and friction force in the bridges shown in Figure 
4-42. A torque sensor is mounted on the output shaft of the servo to measure the output torque changing. 
The maximum value of the output torque appears in the case that driving force equals to the sum of 
maximum static friction force of two rear wheels. Figure 4-43 shows the joint servo’s output torque 
when the robot tries to overcome the concave corner. The front wheels and the rear wheels keep 
moving forward. After ten seconds, the front wheels contacted with the vertical wall and stop rotating, 
the rear wheels keep moving forward. The torque on the shaft greatly increases and reaches to the 
maximum value which is about 6.5N·m after the twelfth second when the driving force reaches to the 
maximum value. As stated previously, the joint servo can even output the torque up to 10.78N·m. That 
implies the joint servo is able to provide enough output torque to transfer push and pull force from the 
rear axle to the front axle. 
E. Limitations and restrictions 
In some cases, the robot failed to overcome some of the obstacles. In this section, we would describe 
some limitations and restrictions of the robot during the movement. 
1) Negotiating low steps on an inverted surface.  
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Figure 4-43 (a) The experiment to measure the necessary torque of the joint 
servo (b) The output torque of the joint servo during move. 
(a) (b) 
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In the case of that the robot attempts to negotiate low steps on the inverted horizontal surface, a big 
drive force needs to be provided to lift the robot up from horizontal surface to vertical surface. In order 
to provide the maximum adhesion force, the robot should optimally face edge obstacles 
perpendicularly. However, as Figure 4-44 (a) shows, if the surface suddenly changes from vertical to 
horizontal again, inertia makes two front magnetic wheels keep moving vertically and the robot would 
fall off the surface. One method to avoid this situation is that an acceptable angle attack of the front 
wheels is needed as shown in Figure 4-44 (b). Because of the angle attack, two front wheels negotiate 
the step at different time. As a result, the inertias of two front wheels are offset by each other’s 
adhesion force.  
2) Special structures on the bridge  
Some special structures on the bridge are difficult to be overcome due to the robot’s mechanical 
design. As shown in Figure 4-45 (a), on the steel bridge there are plenty of ridge-shape obstacles or 
flanges which are impossible for this robot to overcome. In Figure 4-45 (b), as illustrated before, the 
robot is able to negotiate 75mm high bolts theoretically. However, the twisting would lead to tilting 
angle of the magnetic wheel and the reduction of the magnetic adhesion force. Corresponding to the 
increase of tilting angle, the adhesion force of the wheel would decrease seriously. Even if the robot 
attempts to negotiate a bolt under 75mm on vertical surface or inverted horizontal surface, it may also 
fail. Figure 4-45 (c) shows a special situation that the robot failed in negotiating special obstacles.  
Figure 4-44 Robot failed to negotiate low steps on the inverted surface without angle attack of 
the front wheels (b) Robot succeeded in negotiating low steps on the inverted surface with an 
acceptable angle attack of the front wheels. 
(a) 
(b) 
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3) Reduction of the magnetic adhesion force due to thick paint 
Generally, the steel bridges would be covered with paint to prevent it from corrosion. The 
thickness of the paint also has a serious impact on the adhesion force. In the experiment, the robot 
climbed on a steel bridge with the paint 1.5mm in thickness. It was able to move on the flat surfaces 
but failed to negotiate convex corners and bolts because of the lack of the adhesion force as shown in 
Figure 4-46.  
F. Field experiment to measure the speed and the inspection time of the robot 
An experiment was conducted to measure the move speed and the inspection time of the robot. The 
robot moves on a tied-arch bridge as Figure 4-47 shows. The bridge is about 102m long and 21m high. 
The robot moves about 20m on the arch of the bridge. Some obstacles are on the route such as steps 
and bolts. The steps are about 20mm high and the bolts are about 30mm high. The average moving 
speed of the robot is about 0.22m/s which is lower than the maximum speed 0.32m/s. To overcome the 
obstacles, the robot has to be slow down to avoid that inertia effect makes the robot fall off the bridge. 
According to the average moving speed of the robot, we can estimate that the inspection time for one 
arch of the bridge is about 2 hours. The robot is unable to move on some places such as ridge areas and 
beam areas. Therefore, the percentage of the bridge surface which the robot can reach to depends on 
the bridge structure. 
Figure 4-45 (a) Robot is hardly to negotiate ridge-shape obstacles or flange of the steel bridge 
(b) Robot failed to negotiate bolts 50mm high on the vertical surface because of tilting angle of 
the magnetic wheel (c) A special situation that front wheels get stuck by two bolts. 
(a) (b) (c) 
Figure 4-46 Robot failed to overcome obstacles because the thick paint had 
serious impact on adhesion force. 
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4.4 Summary 
In this chapter, three generations of climbing robot with magnetic wheels for the steel bridge 
inspection are presented. The robots have the advantages of compact, lightweight and good 
maneuverability. The third generation climbing robot is mainly introduced. Driving system, steering 
system, bending system and twisting and suspension system are designed. The robot has the ability of 
overcoming many types of obstacles such as steps, convex and concave corners, and bolts. In order to 
enable the robot to negotiate concave corners, a bending system with an active-passive compliant joint 
is presented. According to the sensor signal from potentiometer, the servo with big torque output is 
used as a joint which can be switched between active joint and passive joint. The wheel base can be 
changed by moving rear wheels forward and backward. The twisting and suspension system is 
designed in order to enable the robot to negotiate the convex obstacles such as bolts and steps.  
  The experimental tests in the field environment are implemented for testing various complex 
obstacles. These experiments mainly focus on the validation of the robot’s mobility and finding the 
limitation of it. It was found that the robot was able to pass over complex combinations of 90-deg 
concave and convex corners, bolts and steps on the bridge. On the other hand, the limitations in 
locomotion of the robot are also presented. The robot is lack of the ability of negotiating ridged 
obstacles. The tilting angle of the magnetic wheels would reduce the adhesion force. As a result the 
robot may fall off the bridge when negotiating high bolts. The thickness of the paint also has significant 
influence on the adhesion force.  
The robot shows good performance on overcoming complex obstacles on the steel bridge. However, 
there are still limitations on locomotion and the mechanical design should be improved in the future. 
The robot is designed for non-destructive testing of steel bridge. It is necessary to be equipped with 
non-destructive testing sensors and cameras for inspection and localization. Taking advantage of 
magnetic wheels which can provide magnetic field, magnetic sensors is considered to be used for 
non-destructive testing. It will be the next work to do. 
 
Ridge area 
Beams 
(a) 
(b) (c) 
Figure 4-47 (a) The dimension of the tied-arch bridge. (b) Robot moves on the arch area. 
(c) Special areas which the robot is hard to overcome on the bridge 
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Chapter 5 NON-DESTRUCTIVE TESTING DEVICE DESIGN 
FOR STEEL BRIDGE 
As discussed in Chapter 2, corrosion is one of the main causes of deterioration of steel bridges. It 
may cause metal loss and fatigue cracks in the steel components, which would lead to the collapse of 
steel bridges. Nowadays the most common approach to steel bridge inspection is visual inspection by 
inspectors. However, in some cases, visual inspection is ineffective for certain types of corrosion such 
as corrosion under paint. 
This chapter first introduces two conventional non-destructive testing methods for ferromagnetic 
material inspection-Eddy current method and MFL (Magnetic flux leakage) method. Both these 
methods have limitations for steel bridge inspection. In order to overcome the disadvantages of these 
two methods, some novel non-destructive testing devices have been designed to detect corrosion, crack 
and other types of defects on steel bridges. 
5.1 Introduction of Eddy current method and MFL (Magnetic flux 
leakage) method.  
5.1.1 MFL (Magnetic flux leakage) method for ferromagnetic material inspection 
MFL method is a magneto static measurement technique using an electromagnet or a permanent 
magnet to magnetize the specimen. Various types of discontinuities present on the surface of material, 
such as fractures and change in cross section due to corrosion, give rise to magnetic flux leakage which 
is detected using magnetic sensors. This method is considered as a very promising technology for the 
detection of crack and the small metal loss in pipeline inspection or corrosion inspection. As shown in 
Figure 5-1, the specimen is uniformly magnetized close to magnetic saturation. If there is any defect 
such as crack in the sample, because of the reduction of magnetic permeability and cross sectional area, 
magnetic flux lines leak out of the surface of the specimen around the defect as shown in Figure 5-1 (b). 
The magnetic sensor can detect the magnetic flux leakage line. The leakage line can be correlated with 
the shape and size of the defect responsible for the magnetic flux leakage. The Magnetic Flux Leakage 
Figure 5-1. Principle of MFL (Magnetic flux leakage) method 
Magnet 
Defect Flux leakage 
Magnetic 
sensor 
Magnetic flux 
Specimen 
N S N S 
(a) (b) 
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(MFL) method is broadly used for electromagnetic non-destructive Evaluation and widely employed in 
the petrochemical, transportation, energy and metal industries, such as rail track, pipeline and tube 
inspection. A number of NDT systems based on MFL method have been developed. Most of them are 
used for pipeline inspection including internal inspection and external inspection. 
Figure 5-2 shows some of systems which are being used for commercial purpose. Magnetic Flux 
Leakage (MFL) machine identifies and measures metal loss through the use of an axially oriented 
applied magnetic field. An axial MFL tool induces a magnetic field in the pipe by using powerful 
magnets to magnetize the pipe wall to saturation. When corrosion or other degradation of the wall 
occurs, the pipe wall thickness is reduced. At areas of corrosion (reduced wall thickness) the amount of 
magnetic flux carried is less than that with full wall thickness. This means that there is leakage of 
magnetic flux at these areas. The reduction in the wall thickness at both outer and inner walls of the 
pipe can cause the same effect. The tool locates and records magnetic flux anomalies in the pipe and 
the recorded magnetic flux data is converted to provide an indication of metal loss in the pipe. MFL 
machines can be used with or without liquid making them suitable for inspection of most pipelines and 
they are able to capture data whilst travelling at much greater speeds than ultrasonic testing machines 
and over a longer distance.  
5.1.2 Eddy current method for ferromagnetic material inspection 
Eddy current testing is an electromagnetic inspection method. An alternating current flows through a 
wire coil and generates an oscillating magnetic field. If the probe and its magnetic field are brought 
close to a conductive material, an eddy current is generated on the surface of the material as shown in 
Figure 5-3. On the other hand, eddy current flowing through the metal will in turn generate its own 
magnetic field, which will interact with the coil and its current and magnetic field. Changes in metal 
thickness or defects like near-surface cracking will interrupt or alter the amplitude and pattern of the 
eddy current. This in turn affects the current in the coil by varying the electrical impedance of the coil. 
Figure 5-2. Some of the MFL system for pipeline inspection [109][110][111]. 
(a) (b) 
(c) 
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As a result, the defect can be detected by measuring the changes of current in the coil. 
Figure 5-4 shows the most typical eddy current probe configurations. The most often used single-coil 
probe has limited sensitivity because the probe coil impedance is usually only weakly perturbed by 
variations in material properties and/or the presence of flaws. Better sensitivity and thermal stability 
can be achieved using “reflection-type” probes that contain separate driving and a sensing coil. This 
arrangement is less sensitive to intrinsic thermal variations in the measured impedance since the 
measured complex mutual inductance is not influenced by the changing resistance of the coil wire.  
Since the voltage induced in a coil is proportional to the rate of change of the total magnetic flux 
crossing the coil rather than to its absolute value, sensing with magnetic sensor offers great sensitivity 
benefits at low inspection frequencies. In recent researches, the newly eddy current sensing systems 
Figure 5-3. Principle of eddy current method 
Figure 5-4. Three typical eddy current probe configurations 
Figure 5-5. Direction and value of induced magnetic field is changed by defect. (a) Induced 
magnetic field in the case of non-defect. (b) Induced magnetic field in the case of defect. 
(a) (b) 
85 
 
always consist of different kinds of excitation coils and magnetic sensors such as Hall sensor, GMR
（Giant Magneto Resistance）sensor or SQUID (superconducting quantum interference device) sensor 
and so on. These are always called EC-GMR inspection system or EC- SQUID inspection system. For 
example, in literature [112][113][114], these kinds of systems are used. The defect won’t be detected by 
measuring the changes of current in the coil. Instead of that, they use magnetic sensors to measure the 
magnetic field induced by eddy current of the material. If there is a defect, eddy current would be 
distorted in the defect area. Then magnetic field induced by eddy current would also be changed in 
direction and value. As shown in Figure 5-5, in the defect area, magnetic field lines are decomposed 
into three components  𝐵𝑥′  𝐵𝑦′  𝐵𝑧′ . Generally, magnetic sensor whose sensitive axle is set 
perpendicular to the surface of the material is used to measure the vertical component of magnetic flux 
𝐵𝑧. Comparing with the area without any defect, the change of 𝐵𝑧, ∆𝐵𝑧 = 𝐵𝑧 − 𝐵𝑧′ contains the defect 
information. 
The main advantage of eddy current method over other non-destructive testing methods such as 
magnetic particle inspection and ultrasound is that the eddy current testing is very sensitive to flaws 
and defects and it does not need to contact the surface physically. On the other hand, eddy current 
method is limited in its ability to inspect ferromagnetic materials because these materials need special 
treatments to address permeability effects. This method can be applied to conductive materials to 
inspect physical properties such as thickness variation, surface and subsurface defects and coating 
characterization. It is also used to measure electrical properties such as conductivity and magnetic 
permeability. 
5.1.3 Limitation of Magnetic Flux Leakage method and Eddy current method for 
automatic steel bridge inspection. 
The most commonly used NDT technologies for automation are visual inspection (camera, digital 
image processing and so on), infrared thermography, magnetic testing (or magnetic flux leakage 
testing), acoustic emission, and eddy current method and so on. There have been some existing 
automated systems in which these NDT technologies are adopted to inspect the steel bridges 
[115][116][117]. However, from an ease of implementation perspective, some of NDT technologies 
normally used are not applicable for automation inspection. NDT sensing systems for automation 
inspection are assessed according to the following criteria: 1) Size, weight and manoeuvrability. 2) 
Mode of operation. 3) Type of power supply. 4) Type of data collection. 5) Level of operational 
accuracy. 6) Overall suitability for automation. These criteria in turn dictate the robot specification such 
Figure 5-6. Unlike cracks, magnetic flux leakage method is not available for metal loss inspection. 
(a) A crack on the surface of the specimen. (b) A large metal loss on the surface of the specimen. 
(a) (b) 
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as weight, size, locomotion type, payload, sensor type and so on. For ferromagnetic material NDT 
inspection, the magnetic flux leakage method and eddy current method are widely used, especially for 
fatigue crack and surface crack inspection. Both of the two methods have these advantages: 1) Rapid 
testing. 2) Compact size of sensing system. 3) Surface preparation is not needed. 4) Hidden defects and 
their size can be estimated. 5) Low cost and robust sensors. The magnetic flux leakage (MFL) method 
always needs to be used on the region of high saturation for the inspection of small metal loss or cracks. 
The magnetic leakage is a function of the magnetic field saturation inside the material, which depends 
on the material’s thickness. The ferromagnetic board of the steel bridge is in big thickness. For that 
reason, it is limited to be used for the inspection of steel bridges with large and serious metal loss [118]. 
Figure 5-6 shows that two magnets are put on both sides of the defect of a ferromagnetic board. The 
simulations of the magnetic flux distribution indicate that in the case of that a fatigue crack exists on 
the surface of specimen, there is magnetic flux leaking out. The magnetic flux leakage around the crack 
can be inspected by a magnetic sensor in an appropriate lift-off value. However, in the case of that 
there is large metal loss caused by corrosion, the magnetic flux leakage line cannot be inspected any 
more. Figure 5-7(a) shows that around the crack area, the magnetic flux density increases rapidly, on 
the other hand, Figure 5-7(b) shows that near the big metal loss area, there isn’t any magnetic flux line 
Figure 5-7. Magnetic flux density in the case of (a) a crack on the surface of the specimen; (b) a 
large of metal loss on the surface of the specimen.  
(a) 
(b) 
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leaked out.  
Generally, the eddy current sensing system consists of excitation coils, permanent magnets and 
magnetic sensors such as Hall sensor, GMR（Giant Magneto Resistance）sensor or gradient sensor and 
so on[119]-[123]. In the presence of any discontinuity, such as a fatigue cracks, the linear induced 
current paths are distorted. The change of magnetic flux density induced by the eddy current is 
measured by the magnetic sensor. However, this method has proved to be not sensitive to the thickness 
of the corrosion layers. It provides little direct information on the corrosion process and rates of 
corrosion. 
Furthermore, for both Eddy current method and MFL method, the lift-off noise introduced by 
varying the paint thicknesses, irregular specimen surface or movement of sensors has a serious 
influence on the accuracy of the inspection. It greatly limits the application of Eddy current method in 
quantitative non-destructive testing. In some studies, the approaches to reduce lift-off noise in the Eddy 
current method have been introduced [123]-[125]. However, steel bridges with levels of surface 
complexity are more difficult to be inspected. In addition, in some parts of the bridge, the materials 
with uneven surface are always used. It is difficult to inspect this kind of surface in Eddy current 
method and MFL method. For example, checkered steel plates with rhombic shapes, which can be used 
as floor boards, factory stair boards and deck boards are always used in steel bridge construction. 
Therefore, a novel sensing system that is able to suppress lift-off noise and inspect uneven surfaces for 
automated metal losses inspection and early-stage corrosion inspection system is strongly needed.  
5.2 A NDT device based on Hall sensor array and magnets for metal 
loss inspection.  
5.2.1 The NDT device design 
A magnetic sensor is developed to inspect the big metal loss caused by corrosion under the paint. 
The scheme of the sensor is shown in Figure 5-8. It consists of eight Hall sensors, eight cylindrical 
permanent neodymium magnets and PCB board. The magnets are fixed right above Hall sensors. The 
size of each part is shown in Figure 5-8. Figure 5-9 shows the working principle of the NDT device. 
The specimen is magnetized by the magnets. The induced magnetic flux density depends on the 
Figure 5-8. The scheme of the NDT device. 
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distance between the magnet and the specimen. The magnetic flux density in a point between the 
specimen and magnet is kept constant and equals to the sum of magnetic flux density caused by magnet 
and the magnetized steel board. In the corroded area, the steel board couldn’t be magnetized well. As a 
result, compared with the area without corrosion, the magnetic flux density caused by the magnetized 
material would be smaller. The corrosion can be detected by measuring the difference of magnetic flux 
density with Hall sensors. 
Figure 5-10 shows that a cylindrical permanent magnet is fixed above a steel board. The red line 
represents the Hall sensor position. The parameters set in the simulation are: The thickness of steel 
board is 6mm; the diameter of cylindrical magnet is 4.1mm; the height is 2.4mm; the distance between 
magnet and steel board is 11.2mm. In the case that a metal loss exists on the steel board, the simulation 
result shows that the peak values of magnetic intensity are 0.03T and 0.02T respectively. The difference 
of magnetic intensity is caused by the metal loss. 
Linear Hall sensor EQ-730L produced by Asahi-kasei corporation is used. High magnetic sensitivity 
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Figure 5-9. Working principle of the NDT device. 
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Figure 5-10. Simulation results of the magnetic field density. (a) Magnetic flux 
distribution in the case of metal loss and non-defect. (b) Magnetic field density in the 
place where NDT device located. 
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is needed for induced magnetic field density measurement. Linear Hall sensors could give more 
in-depth information of the corrosion. Operational characteristic in Figure 5-11 shows the sensitivity 
and scope of the linearity information. The output of the Hall sensor is 2.5V in the case that there isn’t 
magnetic field. Positive magnetic field will make the Hall sensor’s output larger than 2.5V, and the 
negative magnetic field will make its output smaller than 2.5V. The size of magnet is an major 
parameter which determines the strength of magnetic field density and induced magnetic field density. 
Generally, big magnet is able to provide stronger magnetic field density. On the other hand, the mass 
and the size of the magnetic sensor would be too larger to use. Furthermore, if the magnetic field 
density is strong enough, the output of the Hall sensor could be out of output linearity scope. Small 
magnets may not provide enough magnetic density for Hall sensors. As a result, the cylindrical 
Neodymium magnet with the size mentioned in Figure 5-8 is selected. Hall sensors are placed right 
under magnets. 
An experiment was conducted to determine the relative position of magnets and Hall sensors. In the 
experiment, parameters x and y shown in Figure 5-12 are expected to be determined. A steel board with 
a circular hole is used to simulate an under paint corrosion. As mentioned before, the decrease of x and 
y lead to the increase of magnetic field density and induced magnetic field density. It also leads to the 
increase of the sensibility of the NDT device. On the other hand, magnetic field density would be 
beyond the linear range of Hall sensor in the case that x and y decrease. The experiments were 
conducted to determine the optimal values of x and y. First, the NDT device is placed on the defective 
area, after collecting the outputs, the NDT device is placed on the non-defective area. The outputs of 
the Hall sensors which are numbered from 1 to 8 are acquired. Compared each group of data, the 
results could be observed as followed.  
In the case that y is smaller than 5mm, the magnetic field density exceeds the linear range of Hall 
sensors. In the experiment, x should be no less than 5mm. As shown in Figure 5-13 Figure 5-14 Figure 
5-15，no matter what value of x is, the output differences of Hall sensors increase as x decreases. In the 
case that y decreases from 9mm to 5mm, because of the increase of magnetic field density, the outputs 
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Figure 5-11. Operational characteristics of EQ-730L [126] 
 
Figure 5-12. Relative position of Hall sensors and magnets 
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of Hall sensors increase. It implies that the sensitivity of NDT device increases as y decreases. In 
conclusion, to increase the sensitivity of the NDT device, the value of x should be as small as possible.  
However, in practice, the distance between the NDT device and the steel board should be kept in order 
to make the NDT device move on the steel board smoothly. As a result, the value of x is set to 1mm. 
Figure 5-16 shows the D-values in the case of y=9mm, 7mm, 5mm. D-value represents the 
difference of outputs of Hall sensors in the defective area and non-defective area. It shows that in the 
case of y=9mm, as x decreases, D-value doesn’t increase so much. D-value is becoming larger with the 
decrease of y. In the case of y=5mm and x=1mm, D-value can reach to 0.5V. It implies that the 
sensitivity of the NDT device is high at this time. In this experiment, the D-value can’t be shown in the 
X=3cm X=2.5cm X=2cm 
X=1.5cm X=1cm 
Figure 5-13. The outputs of Hall sensors in the defective area and 
non-defective area in the case that y=9mm 
X=1.5cm X=1cm 
Figure 5-14. The outputs of Hall sensors in the defective area and 
non-defective area in the case that y=7mm 
X=3cm X=2.5cm X=2cm 
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case of that y is less than 5mm as it is out of the linear range of the Hall sensor. Finally, y is determined 
as 5mm.  
The distance between adjacent magnets and Hall sensors is also a major factor which determines the 
strength of magnetic field density and induced magnetic field density. As shown in Figure 5-17, the 
relative distance between adjacent Hall sensors needs to be determined. Generally, magnetic flux lines 
increases with the decrease of x. As a result, the resolution of the NDT device will be higher. However, 
it will limit the detect area and the detect speed.  
Figure 5-17 shows two adjacent Hall sensors A and B. In the non-defective area and defective area, x 
changes gradually from 1mm to 11mm. The output differences of Hall sensor A and B are shown in 
Figure 5-18. It shows that the distance between adjacent Hall sensors has an impact on the outputs of 
the Hall sensor. However, it doesn’t have an impact on the difference of the two Hall sensors’ output. 
Considering the necessary resolution of the NDT device and the inspection speed, x is determined as 
10mm. 
y=9mm y=7mm y=5mm 
Figure 5-16. D-value in the case of y=9mm, 7mm, 5mm. D-value represents the difference of 
outputs of Hall sensors in the defective area and non-defective area. It indicates the sensitivity the 
NDT device. 
 
Figure 5-15. The outputs of Hall sensors in the defective area and non-defective area in 
the case that y=5mm 
X=3cm X=2.5cm X=2cm 
X=1.5cm X=1cm 
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5.2.2 Laboratory experiments 
Figure 5-19 shows the functional diagram of the sensing system that consists of NDT device, 
high-speed multiplexer, operational amplifier, A/D convertor，FPGA and PC. The eight-channel analog 
voltage signals from NDT device are converted into digital data and then transmitted to 
micro-controller FPGA(ALTERA CycloneⅡ). PC receives the data from FPGA and performed local 
data storage and analysis. FPGA is used as a micro-processor and controller to perform local data 
storage, data processing and controller. 
The experiments were conducted to inspect different defects. Six steel boards in the same size of 
30cm×30cm are used. The defects are five circular holes whose diameters are 1cm 2cm 3cm 4cm 5cm 
respectively, and an irregular defect whose size is 3×4cm. All the defects were covered with paint to 
Figure 5-17. Distance between the adjacent magnets 
Hall sensor A Hall sensor B 
Figure 5-18. As x changes from 1mm to 11mm, the difference of output of sensor A in the defective area 
and non-defective area changes from 0.165V to 0.135V. As x changes from 1mm to 11mm, the difference 
of output of sensor B in the defect area and non-defect area changes from 0.125V to 0.105V. 
 
Figure 5-19. Diagram of sensing system 
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simulate the corrosion under paint. The NDT device is placed on the steel board and moves 18cm 
forward at a constant velocity. The NDT device is placed on the non-defective area to obtain the initial 
values of Hall sensors. The results are named as V01, V01, V02, V03, V04, V05, V06, V07, V08. In the 
experiment, the difference of output of each Hall sensor and the initial output value is named △V which 
contains the information of the defect. The values of △V are visualized and the image is shown in 
Figure 5-22.  
The NDT device moved 18cm in a constant speed. The results show the sizes of defect are about 
4.5cm×5cm, 4.5×4cm, 4cm×3cm, 2cm×2.5cm, 2cm×1cm, and 3.5cm×5.5cm respectively. The 
horizontal axis error mainly comes from the distance between adjacent Hall sensors. In the experiment, 
the distance between adjacent Hall sensors is 1cm, as a result, the absolute error is within 1cm. The 
vertical axis error mainly comes from inconstant speed move of the NDT device. The vertical axis error 
would decrease if the device is applied on the field because the robot can move at a constant velocity. 
However, horizontal axis error can’t be suppressed unless the distance of adjacent Hall sensors is 
reduced.    
In conclusion, this NDT device has the ability to inspect the large metal loss under the paint. 
However, as same as the MFL method and the eddy current method, the lift-off effect has seriously 
impact on the sensitivity and resolution. The lift-off value has to be kept constant and the inspection 
surface has to be sufficiently flat and smooth. For steel bridge inspection, the surface of the bridge is 
uneven. As a result, a novel NDT device which is able to suppress the lift-off noise and inspect the 
uneven ferromagnetic material surface is expected to be developed. 
Circular 
 
Irregular defect 
Magnetic sensor 
Painted steel board 
Figure 5-20. Circular defect and the painted steel board 
 
 
Hall 
sensor
Magnet
Figure 5-21. Prototype of the magnetic sensor 
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5.3 A novel NDT device based on GMR sensor array and magnetic 
wheels.  
5.3.1 Lift-off noise suppression 
In the Eddy current-GMR sensor system, a planar excitation coil with unidirectional current 
excitation is used to generate a linear and uniform induced magnetic field. GMR sensor is used to 
measure the induced magnetic flux density. A scanning system is used to generate a C-scan image of 
the normal component of induced fields [121]. In the literature [112][114][121], a linear GMR sensor 
array was used to perform rapid scanning in a single pass. In these studies, excitation coils had to be 
placed at a given height above the specimen to produce a constant magnetic flux density. The lift-off 
value of GMR sensor array had to be kept constant. 
As stated in Chapter 5.1, both the MFL (magnetic flux leakage) method and the Eddy current method 
have the serious limitation in steel bridge inspection because of the lift-off effect. The lift-off value is 
required to keep constant and the surface of the sample must be sufficiently flat. However, steel bridges 
always have relatively irregular surface. Furthermore, in the early stage of corrosion, there isn’t any 
metal loss happened. As a result, it is impossible to be detected by using visual inspection or magnetic 
flux leakage method.  
In the corroded place, the relative permeability is changed. This change would lead to the change of 
magnetic flux density in the corroded place. In this paper, instead of using current excitation coils, two 
magnetic wheels are used as the excitation source.  
Figure 5-22. Images of defect 
 
5cm defect 4cm defect 3cm defect 
2cm defect 1cm defect Irregular defect 
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The finite element method (FEM) is employed to simulate the magnetic field distribution. Figure 
5-23 (a) and (b) show the magnetic field density distribution on the surface of the specimen and 
magnetic wheels. It validated that the magnetic flux density is almost symmetric on the surface of the 
specimen. Figure 5-23 (c) shows the spatial distribution of magnetic flux line.  
As shown in Figure 5-24, in the place where GMR sensor array is located, the direction of magnetic 
field line is almost parallel and nearly perpendicular to the surface of the specimen. It is indicated that a 
relatively small change in the lift-off value does not lead to the change of the magnetic field density. 
This method makes it possible to suppress the lift-off noise. 
Figure 5-24. Distribution of magnetic flux line induced by magnetic wheels 
 
(a) 
(b) 
 Figure 5-23. FEM model of magnetic wheels and specimen is built. (a) (b) The density distribution of 
magnetic field on the surface of magnetic wheels and specimen. (c) The direction of induced magnetic 
flux line between two wheels. 
(c) 
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5.3.2 Prototype of the NDT device 
A schematic diagram of the NDT device is shown in Figure 5-25. It consists of two rear magnetic 
wheels and a GMR sensor array. Generally, considering the dimensions of the steel bridge, rapid 
automatic inspection is strongly needed. Linear sensor array has an inherent advantage for crack 
detection and tiny corrosion detection due to the fast moving speed of the inspection robot. In order to 
save the scanning time, 16-channel GMR sensor array of NVE AA002 is used. Giant magneto-resistor 
(GMR) is a sensor based on the giant magneto-resistivity phenomenon reported for the first time in 
1988. It has the advantage of being robust in industrial noisy environments. GMR sensor is insensitive 
to magnetic fields perpendicular to their direction of sensitivity and the sensor’s characteristic will not 
be disturbed if it is subject to strong magnetic fields. GMR sensor is used to measure the magnetic field 
density over a wide range. It is able to detect the magnetic field directly rather than the rate of change 
in magnetic field. It also has high sensitivity to small changes in magnetic field, which allows for 
accurate measurement of position or displacement in linear or rotational systems. The design of the 
GMR sensor array is performed taking into account the size and the characteristics of the GMR sensor.  
NVE’s GMR sensors have a primary axis of sensitivity. The flux concentrators on the sensor gather 
the magnetic flux along the axis and focus it at the GMR bridge resistors in the centre of the die. The 
sensor will have the greatest output signal when the magnetic field of interest is parallel to the flux 
concentrator axis [128]. 
 
GMR sensor array
Magnetic wheels
Specimen
 
4497.
05
95mm
Sensor position
30mm
Lift-off
Figure 5-25. (a) Prototype of the novel NDT device. (b) Relative position of magnetic wheels GMR 
sensor array and specimen. (c) GMR sensor array position.  
(a) (b) (c) 
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Output follows this curve 
from negative saturation 
field back to zero
Output follows this curve from 
zero to negative saturation field
Figure 5-26. The output characteristic of GMR sensor AA002 with 5V 
power supply [128]. 
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Considering the geometry of the GMR sensor (3.00×3.00 mm SOIC8 package) and the distance 
between two magnetic wheels, the centre distance of adjacent GMR sensor is 5 mm. The advantages of 
GMR sensor array are simple mechanical structure, high reliability, and low power consumption. 
Based on the experimental results, it can be indicated that the necessary current of GMR sensor is 
about 2 mA in 5.0 V supply voltage. This makes it possible to power the GMR sensor array by using 
one Li-Po battery. 
In many cases, GMR sensors make use of biasing magnetic fields to sense or create a pseudo zero 
magnetic field. It is always used in the application of ferrous material inspection or detection. Another 
method of biasing a GMR magnetic field is providing a constant magnetic field in the sensitive 
direction of GMR sensor. Permanent magnet and current coils are generally applied for biasing GMR 
sensors part way up its output curve. In the literature [114], a GMR senor array was developed to 
inspect cracks on the surface of the specimen. A rectangular biasing coil mounted on the top of the 
GMR sensor array is used as a part of an eddy current probe in order to reflect the small differences 
between the static characteristics of each element of GMR sensor. Elsewhere [129], a small permanent 
magnet was equipped on a fixed position near the GMR sensor to bias the sensor.  
Figure 5-27. Experimental setup for AA002 calibration. (a) AA002 calibration hardware 
architecture. (b) GMR sensor was put into the center of solenoid horizontally (c) ①-DC power 
No.1 for solenoid;②④- multimeter;③- DC power No.2 for GMR sensor;⑤-solenoid. 
(a) 
(b) (c) 
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In this paper, magnetic wheels are used to bias the GMR sensor array. Compared to the two biasing 
methods mentioned earlier, it conserves the energy and simplifies the hardware design. Generally, the 
magnetic characteristic of a GMR sensor is shown in Figure 5-26. There is a hysteresis effect in the 
output of the sensor as the magnetic field increases to a certain value. The initial output of the GMR 
sensor and sensitivity to the magnetic field are associated with magnetic biasing and power supply. 
These factors will deeply influence the output of the sensors. Therefore, it is necessary to calibrate each 
GMR sensor before using it.  
An experiment was implemented to characterize each GMR sensor. The schematic of experimental 
Figure 5-28. (a) The output curves of five AA002 sensors with the same power supply. (b) The outputs 
of AA002 in different voltages of power supplies. 
(a) (b) 
Figure 5-29. Simulation results of the magnetic field density where GMR sensor array is located. (a) 
Simulation result of the magnetic field density in the case that lift-off value is equal to 5 mm. (b) 
Comparison of the simulation results in the case that lift-off value is equal to 2 mm, 5 mm, 10 mm 
respectively. 
 Lift-off
5mm
2mm
10mm
 Lift-off 5mm
(a) 
 
(b) 
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setup is presented in Figure 5-27(a). DC power No.1 and No.2 are used to supply current to solenoid 
and voltage to GMR sensor respectively. The value of current and the output of GMR sensor are 
measured by multimeters No.1 and No.2 respectively. GMR sensor is placed in the inner center of the 
solenoid characterized by: length L = 57 mm; diameter D = 16.7 mm; N = 240 turns. According to 
Ampere’s circuital law, the magnetic field inside an infinitely long solenoid is approximately 
considered to be homogeneous. It could be calculated approximately as 
𝐵 = 𝜇0𝑁𝑁
𝑙
                                                (5-1) 
Where 𝐵 is the magnetic field in the inner center of the solenoid.  𝜇0 is the magnetic constant. 𝐼 is 
the DC current passing solenoid. 𝑁 and  𝑙 are the turns of the wire and length of solenoid. It is 
obvious that magnetic field value is proportional to DC current. In the case of the output of power 
supply No.2 equaling to 5.0 V, 5 different GMR sensors named from S1–S5 are placed in the center of 
the solenoid respectively in order to observe sensitivities and hysteresis effect of each GMR sensor. As 
a result, the relationship between DC current and the output of the GMR sensor can be observed in 
Figure 5-28(a). 
On the other hand, the sensitivity of a GMR sensor would change with different voltages of power 
supply. Figure 5-28 (b) shows the output of AA002 in different voltages of the power supply. It is 
indicated that as the increase of voltage of power, the sensitivity of the GMR sensor increases. It is 
important to ensure that the voltage of power supplied to each of GMR sensor keeps constant.  
As it can be observed in Figure 5-28 (a), the initial outputs of GMR sensors are different to each 
other with the same 5.0 V power supply. However, the sensitivities of each GMR sensor are 
approximately the same. Because of the remanence effect of the GMR sensor that is made of magnetic 
material, the balance of Wheatstone bridge inside the GMR sensor could be changed by magnetic field 
nearby even if GMR sensors are powered off. As a result, the initial value would be changed when 
sensors are powered up. The solution to this problem is to bias the sensor element with an external 
magnetic field to make sure that the operating point of the sensor is on the linear portion of the 
characteristic curve shown in Figure 5-26. 
5.3.3 Simulations and experiments 
The simulation in Figure 5-29 (a) shows the theoretical magnetic flux density in the place where the 
GMR sensor array is located. The lift-off value of the GMR sensor array is set to 5 mm. The simulation 
result shows that in the non-defect region, the distribution of magnetic flux density is parabolic and 
approximately symmetrical. However, there are still some asymmetrical places because of the tiny 
differences of the size and character of two magnetic wheels. This curve is considered as the standard 
curve of magnetic flux density distribution in non-defect region. The simulation of the magnetic flux 
density in different lift-off is shown in Figure 5-29 (b). The lift-off value is assigned as 2 mm, 5 mm, 
and 10 mm respectively. The result shows that magnetic flux density keeps approximately the same. As 
the lift-off value continues to increase up to 10 mm, the direction of magnetic flux density is no longer 
perpendicular to the surface of specimen. The changes of vertical component of the magnetic field 
cause the change of the output of GMR sensor array. It is indicated that within 10 mm, the lift-off value 
variation basically does not have a serious impact on the output of GMR sensor array. 
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The magnetic flux density that the GMR sensor array detected can be shown in Equation (5-2). 𝐵 is 
the total magnetic flux density in the sensor position 
𝐵 = 𝐵𝑤 + 𝐵𝑚                                                        (5-2) 
𝐵𝑤 is the magnetic flux density generated by magnetic wheels. 𝐵𝑚 is the magnetic flux density 
generated by the ferromagnetic material which is magnetized by magnetic wheels. As mentioned 
earlier, the relative permeability and the electrical conductivity of the material will decrease because of 
the corrosion. As 𝐵𝑚 decreases, 𝐵 in Equation (5-2) decreases.  
(a) 
 
(b) 
 
(c) 
 
Sensor position
Ø45 mm
Figure 5-30. FEM models are built in the case that defects exist on the specimen. 
(a) Metal loss (b) Crack (c) Corrosion 
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Figure 5-30 (a) shows a simulated circular corroded region in the diameter of 45 mm in the 
ferromagnetic specimen. As we know, the major element of corrosion is Fe2O3. According to the 
literature [130][131], relative permeability and electrical conductivity are set to 1 and 100 S/m 
respectively. Figure 5-31(a) shows the characteristic curve of magnetic flux density where GMR sensor 
array is located (black line) in the case of the lift-off is 5 mm. Compared to the magnetic flux density of 
non-corrosion area (red line), a serious decrease of magnetic flux density can be observed in the 
corroded region. 
 
Figure 5-30(b) shows a simulated crack defect whose width is 2 mm. As the specimen magnetized by 
magnetic wheels, there is a distortion of magnetic flux leakage around the surface of the crack. Because 
of the reduction of magnetic permeability, magnetic flux lines leak out from one side of the crack and 
return to the specimen’s surface again on the other side of the crack. This would lead to asymmetry of 
Figure 5-31. Simulation results of magnetic flux density in the position of GMR sensor array. 
(a) Metal loss (b) Crack (c) Corrosion 
(a)                                    
(c) 
 
 Lift-off: 5mm Without defect
With crack
 
Lift-off: 5mm Without defect
With metal loss
(b)                                    
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the magnetic flux density distribution between two magnetic wheels. The simulation in Figure 5-31(b) 
validates the change of magnetic flux density around the crack.  
In Figure 5-30(c), the magnetic wheel is on the corroded place, whose relative permeability and 
electrical conductivity are set to 1 and 100 S/m respectively [130][131]. The corroded place is 80 mm 
long and 60 mm wide. As mentioned earlier, because of the decrease of the relative permeability, the 
corroded region cannot be sufficiently magnetised. This has a large impact on the output of the GMR 
sensor array. As Figure 5-31(c) shows, on the left side of the figure, the magnetic flux density curve 
almost overlaps with the standard curve. On the other hand, on the right side of the figure, compared to 
the standard curve, magnetic flux density decreased. 
An experiment was conducted to validate the simulation results. Figure 5-32 shows the experimental 
setup of the sensing system that consists of 16-channel GMR sensor array, high speed multiplexer 
ADG726, instrumentation amplifier AD620, A/D convertor ADC128S022, Altera Cyclone IV 
EP4CE22F17C6N FPGA and PC. 16 analog signals from GMR sensor array are amplified by an 
instrumentation amplifier AD620. Analog multiplexer ADG726 is in charge of switching the signals to 
Figure 5-32. Experimental setup instrumentation 
Table 5-1 Parameters of the defects 
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instrumentation amplifier AD620. ADC128S which is embedded in the FPGA development board 
DE0-nano, is used to convert analogue signals into digital signals. The working process of data 
acquisition is shown in Figure 5-33. During 2 us time delay, the multiplexer shifts to the first channel; 
ADC begins to perform 100 times of data acquisition for one channel. The average value of 100 data is 
calculated as the final output of this channel. Then the multiplexer switches to the next channel. 
 
As mentioned earlier, the initial outputs of GMR sensors are different even there is not magnetic 
field around them. The output of GMR sensor can be written as: 
𝑉 = 𝛼(𝐵𝑤 + 𝐵𝑚) + 𝑉0                                               (5-3) 
𝛼 is the sensitivity of the GMR sensor. It has been validated that the sensitivity of GMR sensor is 
constant with the same power supply. 𝐵𝑤 is the magnetic flux density generated by magnetic wheels. 
𝐵𝑚 is the magnetic flux density generated by the ferromagnetic material, which is magnetized by 
magnetic wheels. 𝑉0 is the initial output of GMR sensor. The voltage of the power supply is 5 V, in the 
region with defects, the output of GMR sensor 𝑉′ can be written as: 
𝑉′ = 𝛼(𝐵𝑤 + 𝐵𝑚′ ) + 𝑉0                                             (5-4) 
𝐵𝑚′  is the magnetic flux density generated by ferromagnetic material with defect. From Equations 
(3) and (4), Equation (5) is obtained. 
∆𝑉 = 𝑉′ − 𝑉 = 𝛼(𝐵′ − 𝐵𝑚) = 𝛼∆𝐵𝑚                                (5-5) 
Because of the defects in the ferromagnetic material, Δ𝐵𝑚 is obtained which is proportional to ΔV. It 
indicates that the defects can be confirmed by comparing the changes of the outputs of the GMR 
sensor.  
 
Multiplexer
2us delay   
Begin
ADC 
Data acquisition 
Compare
      & 100
Multiplexer 
Channel shift
Figure 5-33. Process of data acquisition and processing 
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A ferromagnetic plate (700mm ╳ 500mm ╳ 6mm) is used as a test specimen. Three types of defects 
exist on the plate, as shown in Table 5-1. The metal loss is through the plate with approximately the 
length of 200 mm and width of 24 mm. The length of the crack is approximately 150 mm and the width 
varies from 1.5–3mm. The parameters of the corrosion such as the relative permeability and the 
electrical conductivity are different to estimate. Figure 5-34 shows the detection results of each type of 
defect. Red line represents the standard output 𝑉 curve: the output of GMR sensor array on the region 
without any defect. In the defective area, ∆𝐵𝑚 in Equation (5-5) increased because of the changes of 
the relative permeability. It leads to an obvious change of ΔV.  
In order to reflect defect information such as the boundary of the defects or corrosion degrees, 
visible data is needed. Δ𝐵𝑚 of each GMR sensor varies significantly from each other because of its 
relative position to the magnetic wheels. It is necessary to calibrate ΔV of each GMR sensor for a 
defect image. Relative calibrating coefficient of each GMR sensor 𝐾𝑖 (𝑖 = 1, 2 … .16) is defined as: 
𝐾𝑖 = 𝑉1𝑉𝑖                                                           (5-6) 
𝑉𝑖 (𝑖 = 1, 2….16) is the output of each GMR sensor of the standard output 𝑉 curve, which is shown 
in Figure 5-34 (d). For instance, the relative calibrating coefficients of sensor NO.1 and NO.2 are 
𝐾1 = 3110𝑉1 = 31103110 = 1  
Figure 5-34 Voltage signals collected from data acquisition system. (a) (b) (c) show the defect 
signals in the case that metal loss, crack and corrosion. (d) The output signal of the standard 
output 𝑉 curve collected from data acquisition system. 
(c) 
 
Standard output V curve - without defect
Output V′curve - crack
Standard output V curve - without defect
Output V′curve - corrosion
Standard output V curve - without defect
Output V′curve – metal loss
(a) 
 
(b) 
 
(d) 
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 𝐾2 = 3110𝑉2 = 31102846 = 1.0928  
𝐾𝑖 is calculated and shown in Table 5-2. As a result, ∆𝑉𝑖′ is defined as 
∆𝑉𝑖
′ = 𝐾𝑖∆𝑉𝑖                                                        (5-7) 
The value of ∆𝑉𝑖′ is showed in Figure 5-35. In the metal loss detection, the sensing system moved 
about 400 mm.  Figure 5-35(a) shows the values of ∆𝑉𝑖′ in the place with the metal loss. The size of 
the metal loss shown in the figure is about 260 mm×40 mm. The width of crack shown in Figure 5-35 
(b) is about 20 mm. Both of them are beyond the real size. The reason is that the distance between 
adjacent sensors gives an effect on the resolution of the sensing system. 
In the corrosion detection experiment, the corroded area under the right magnetic wheel can be 
detected. Figure 5-35 (c) shows that the values of ∆𝑉𝑖′ on the right side decreased because of the 
reduction degree of relative permeability and electrical conductivity. 
The experimental data partly verified the conclusions of simulation analysis. However, some errors 
between the experimental data and simulation results can be observed. The reason should be that the 
parameters in simulations such as the relative permeability of the ferromagnetic materials and magnets 
are different from real values in the experiment. For example, in the simulations, the relative 
permeability was set to 1; however, it is difficult to measure the actual relative permeability of the 
corroded area. Furthermore, the differences of the shape and the size of the defect, the error of the 
distance between each sensor, the relative position from magnetic wheels and sensor array also have an 
impact on the experimental results. 
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 Figure 5-35 Defect images getting from the values of ∆𝑉𝑖′ in the scanning area (a) Metal loss (b) 
Crack (c) Corrosion. 
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5.4 Summary 
Some of the NDT technologies used in ferromagnetic material inspection are introduced. As 
discussed in Chapter 4.1, because of the lift-off effect, the eddy current method is difficult to use for the 
inspection of steel bridges. MFL is always used for the inspection of cracks or a small metal loss. 
However, it is difficult to inspect a considerable metal loss under the paint or early-stage corrosion. To 
solve this problem, two NDT devices are developed. The first NDT device consists of eight-channel 
Hall sensor array and eight permanent magnets. The experiment result shows that it is able to large 
under paint corrosion no less than 1cm in size. The second NDT device consists of 16 channel GMR 
sensor array and two magnetic wheels. Relying on the interaction of the induced magnetic fields 
generated by magnetic wheels of the climbing robot and without using current coils as the excitation 
source, the GMR sensor array measures the difference in the magnetic field density between the defect 
region and the non-defect region. In the area that the sensor array is located in, the magnetic flux lines 
are parallel and almost perpendicular to the surface of the specimen. As a result, the change in the 
lift-off value within a certain range almost does not impact the outputs of the GMR sensors. This 
method suppresses the lift-off noise in the metal loss inspection and the corrosion inspection. The 
characterization of the GMR sensor is verified using a solenoid with current. It is indicated that the 
initial outputs of each GMR sensor are different from each other, and the sensitivity of the output of the 
GMR sensor is determined by the value of the power supply. It is important to keep all the GMR 
sensors in the same power supply. Finally, three types of defects, namely metal loss, cracks, and 
corrosion, are used for validating the feasibility of the sensing system. Simulations and experimental 
results have shown that the sensing system can feasibly detect some types of defects including metal 
loss, cracks, and invisible corroded areas. 
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Chapter 6 CONCLUSION 
In this research, a non-destructive testing system for corrosion and crack inspection of steel bridge 
based on magnetic sensor and climbing robot is presented. Climbing robot of the system provides 
flexible mobility and allows significantly faster, safer and more thorough inspections to be performed 
at a lower cost. Two types of non-destructive testing devices based on magnetic sensors which can be 
equipped on the climbing robot are presented for corrosion and crack inspection on the steel bridge. 
Specific research conclusions are as follows: 
1. Four types of magnetic wheels for the climbing robot are presented in this thesis. In the past 
research on magnetic wheel, the biggest problem of magnetic wheel design was the difficulty to keep 
the wheel lightweight while simultaneously providing sufficient adhesion force and friction force. In 
the past research, rubber tire was always used to cover the tread of the magnetic wheel to increase the 
friction coefficient of the magnetic wheel. However, as the friction coefficient increases by using 
rubber tire, the adhesion force decreases considerably. In order to solve this problem, a novel design of 
magnetic wheel is presented. Taking advantage of magnetic circuit and serration-shape rubber tire, both 
the adhesion force and friction coefficient increase considerably. The experiment results revealed that 
the magnetic wheel can provide the adhesion force up to 37 times its weight, and the friction coefficient 
increased to 0.6-0.7. The weight of the wheel is only 143g. 
2. Three generations of climbing robot with magnetic wheels for steel bridge inspection are 
presented. These robots have the advantages of being compact, lightweight and well maneuverable. 
The third generation climbing robot is mainly introduced. Driving system, steering system, bending 
system and twisting and suspension system are designed. The robot has the ability of overcoming many 
types of obstacles such as steps, convex and concave corners, and bolts. To enable the robot negotiate 
concave corners, a bending system with an active-passive compliant joint is presented. The robot is 
only 2.38Kg and 352mm×215mm×155 mm in size. The experimental tests in the field environment are 
conducted to validate the robot’s mobility and find the limitation of it. The maximum speed of the 
robot is 0.32m/s and the average speed is 0.22m/s. The robot can overcome the bolt as high as 25mm.  
3. Some typical NDT techniques, such as Eddy current method and the MFL (Magnetic flux leakage) 
method are generally used methods for ferromagnetic structure inspection. However, these two 
methods have the limitations for steel bridge inspection. MFL (Magnetic Flux Leakage) method is 
always used for crack inspection or tiny metal loss inspection. It is difficult to inspect large metal loss 
under the paint or early-stage corrosion. To detect the large metal loss inspection under the paint, a 
NDT device with Hall sensor array and permanent magnets is developed. The experiment results 
showed that it is able to detect the metal loss corrosion in different size. The minimum defect can be 
detected is 1cm in diameter. For MFL (magnetic flux leakage) method and eddy current method, lift-off 
effect has a serious impact on the accuracy of inspection. Lift-off value is required to keep constant and 
the surface of the sample must be sufficiently flat. However, steel bridges always have irregular surface. 
Uneven surface leads to errors in the inspection results because of the changes in the lift-off value. To 
solve this problem, another novel NDT device with GMR sensor array and magnetic wheels is 
developed. Relying on the interaction of the induced magnetic fields generated by the magnetic wheels 
of the climbing robot, the GMR sensor array measured the differences in the magnetic field density 
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between the defect region and the non-defect region. In the experiment, three types of defects – metal 
loss, crack, and corrosion – were used for validating the feasibility of the NDT device. Simulations and 
experimental results implied that it is feasible to detect the defects including metal loss, cracks and 
invisible corroded areas.  
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